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INTRODUCTION 


I have pleasure in declaring this conference open. It is 
the second conference of the type of the Fluidization 
Symposium held in London in June, 1952. 

On behalf of the Committee of this Conference and 
of the Chemical Engineering Group of the Royal Institute 
of Engineers and also in the name of the Section for 
Chemical Technology of the Royal Society of Chemistry 
in the Netherlands, I extend a most hearty welcome to 
you all, especially to those who have come from abroad. 

Among these are our friends from Great Britain, 
members of the Institution of Chemical Engineers and 
the Chemical Engineering group of the Society of Chemical 
Industry, These two bodies have been our partners in 
arranging this Conference. Two years ago, on the proposal 
made by Dr. Viucrer at the Fluidization Conference 
in London, we arranged to have this meeting in Holland 
and we now feel very happy to be together again. 

I welcome their Harotp HartrLey 
and Professor GARNER, who have been kind enough to 
accept our invitation to preside over the meetings of this 


presidents Sir 


afternoon and of tomorrow afternoon respectively. 

It can easily be understood that after the successful 
conference on fluidization, we 
important group of chemical processes, indicated by the 


now want to discuss an 


name of * Oxidation.” 

It was decided beforehand by the Committee that 
special attention should be given to the use of oxidation, 
in order to avoid duplication of the general discussion on 
* Oxidation,” held by the Faraday Society in London 
in September 1945, which was attended by about 350 
members and visitors. 

The programme of the meeting proves that it was a good 
idea to choose * Oxidation processes as a subject for 
discussion. 

The choice of two years ago (fluidization) and the present 
choice (oxidation) demonstrate that chemical engineering 

With the 
* chemical 


is based on physics and chemistry combined. 
additional design of the necessary equipment 
engineering ™ is the basis for the development of chemical 
industry. 

Oxidation is a subject of world interest. 
say, many of the authors and participants in the Discus- 
sion of 1945 are also present to-day and we are fortunate 
in having even an author of a paper, Mr. G. H. Twiae. 


Needless to 
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by Professor H. I. Waterman 


CONFERENCE 


Even at the meeting of the Faraday Society much 
attention was given to special subjects. The following 
main items were then 

Part I, Electron transfer introduced by 
Professor M. G. Evans and Part II, Oxidation of hydro- 
carbons, introduced by Professor H. W. MELVILLE. 

It is evident that the papers of this conference are of 


considered : 


reactions, 


a somewhat different nature. More stress has been laid 


on the process side. It could not be avoided that once 
more the hydrocarbons should play an important part 
in our work, 

In former 
combustion because of its strong exothermic character : 


times oxidation was mostly applied in 


in so far as oxidation was used for the preparation of 


of heat often 
process, e.g. in the manufacture of 


chemicals, the generation reduced the 
of the 
sulphurie acid. 


Besides, in many cases hydrocarbons were not oxidized 


efficiency 


in a direct way but by intermediate reactions, such as 
chlorination, sulphonation, etc., afterwards, the groups 
thus introduced in the hydrocarbons were, and sometimes 
are still, replaced, for example, by hydroxyl groups. 

Owing to the study of oxidation we are now able to 
prepare chemicals by direct oxidation of the hydrocarbons. 

Now referring to the papers, I shall start with that by 
G. H, Twice, who applies the free radical chain mechanism 
as described by J. L. Botuanp. Although this scheme 
was devised for certain oxidations, in which hydroperoxide 
is the main product, it can be applied to other oxidations 
in which the hydroperoxide is not the major product. 
As an example he discusses the oxidation of paraffins 
such as n decane. 

The now generally accepted scheme: “ initiation, 
formation of radical (R~), propagation (R™ Oz > 
RO,”, RO,” + RH > RCOOH + R°) termination by 
the removal of radicals from the system by the combination 
of radicals * has proved to be very successful. 

Twice concludes that, in general, oxidation of a paraffin 
will not lead to any one major product, unless the structure 
of the molecule induces preferential attack at one position 
(for example the 2-5-dimethylhexane of Wrsaut and 
STRANG). 

G. Wierzet, in his paper on ** The manufacture of syn- 
thetic fatty acids by oxidation of paraffinic hydrocarbons 


| 
‘ 
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by molecular oxygen,” hopes that a more thorough 
knowledge of the reaction mechanism will give higher 
yields of fatty acids and less contaminating products. 
The conclusion of Twice does not seem very favourable 
in this respect. 

In spite of this conclusion I think that we must persevere 
in trying to complete oxidation with high yields of one 
special product. Even in this case heterogeneous catalysis 
might eventually produce the desired effect. I shall 
illustrate this with an example from my own practice 
in the field of hydrogenation. If we have to deal with a 
mixture of a fatty acid ester (a) with two olefinic double 
bonds and the same fatty acid ester (b) with one instead 
of two olefinic double bonds, it is possible to transform a 
into b by hydrogenation, keeping b unchanged, although 
b alone under the same conditions is immediately 
hydrogenated. The explanation of this selective hydro- 
genation in heterogeneous catalysis is the difference in 
adsorption of the two compounds in question and of their 
hydrogenated products on the surface of the catalyst. 

Although this example is not absolutely analogous 
with the case discussed before, it might nevertheless 
indicate the possibility of selective catalytic oxidation. 
The choice of the catalyst, the characteristics of its surface, 
must give the selectivity wanted, and in certain cases a 
favourable position of a part of the molecules to be 
oxidized. 

There is also a paper by M. B. Donacp and J. R. Grover, 
“ The air oxidation of mixtvres of benzene and cyclo- 
hexane to phenol.” 

The authors investigated the non-catalytic oxidation 
at temperatures of 600°C and higher and at atmospheric 
pressure. They studied the effect of cyclohexane. The 
yield of phenol is very much dependent upon the cyclo- 
hexane concentration and this is of theoretical interest. 
The yields and the conversions seem to be rather poor ; the 
process described therefore is not of technical importance. 

In my opinion higher and reasonable yields of phenol 
may be obtained by application of selective catalytic 
oxidation also in this case. 

P. Mars and D. W. van Krevecen, in their paper on 
* Oxidations carried out by means of vanadium pentoxide 
catalysts ” give much attention to the oxidation and the 
reduction process. 

The substance to be oxidized reduces the catalyst. 
Therefore the reoxidation of the reduced catalyst must 
be equal for different oxidation processes at the same 
temperature. Mars and vAN KREVELEN, especially in the 
oxidation of aromatic compounds, prefer a fluid bed because 
of the uniformity of the temperature, which also permits 
the use of higher concentrations of the organic compound. 

They also consider the oxidation of sulphur dioxide and 
apply in this process their formula for the influence on 
the reaction rate of the partial pressure of the reaction 
components in the oxidation of aromatics. Practical 
results are obtained, which are connected with the ratio 
between the amount of catalyst to be used in the stages 
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of a multiple-stage SO, reactor. 

There are three papers which refer to direct oxidation 
of benzene derivatives. R. M. Coie and A. W. Farrpainn 
have realized the development of a process for the manu- 
facture of p-tertiary-butylbenzoic acid by blowing air 
through liquid para tertiary-butylbenzene (Cobalt as 
catalyst). 

J. P. Forrurs and H. I. Warerman in their paper 
discuss their method for the preparation of cumene 
hydroperoxide by liquid phase oxidation of cumene with 
molecular oxygen (Cu as catalyst). Yields of more than 
90°, are obtained. 

It is interesting to know that traces of SO, decompose 
cumene hydroperoxide into phenol and acetone. An 
important factor influencing the oxidation rate is the 
purity of the feed; small amounts of contaminating 
substances may break the reaction chains. 

Stress might be laid on the advantage of preparing 
cumene hydroperoxide in a solution of cumene (preven- 
tion of hazards). Cote and Farrparrn, also discuss 
precautions to prevent explosion. They protect the 
reactor with a frangible disc to prevent failure of the 
vessel in case of a vapour-phase explosion. 

Whereas there is a trend to use molecular oxygen 
for the direct oxidation of hydrocarbons, as is the case in 
all the papers referred to, there is one exception. 
A. F. Lixpsay’s paper tells us about the “ Nitric acid 
oxidation design in the manufacture of adipic acid from 
eyelohexanol and cyclohexanone.” Yields of more than 
90°, are obtained. (Copper and vanadate as catalyst). 
Linpsay gives much attention to the corrosion problem ; 
in this case 18-8-Ti or, better still, 18-8-Nb austenitic 
chromium-nickel steel are the most resistant materials 
of construction, 

We must be grateful that not less than four papers 
disclose new methods for the manufacture of chemicals. 
With the exception of the synthetic fatty acids, they 
were recently discovered. 

Another very important new process is the B.A.S.F. 
process for the production of acetylene by partial oxidation 
of gaseous hydrocarbons. We are rather surprised to be 
confronted with such a simple solution for the formation 
of a tangled and folded flame of a few centimetres thick- 
ness ; the speed of the gas at any place is higher than 
the flame velocity of the gas mixture. Professor 
BarTHOLOME is to be congratulated on the results 
obtained. 

The oxidation is here simply used for the production of 
heat to support the acetylene formation from methane. 

In the foregoing I discussed selectivity in oxidation, 
using as an analogy selective hydrogenation. We meet 
this selectivity again in the use of oxygen for the oxidation 
of non-metals in the liquid phase, such as the elimination 
of the unwanted non-metals silicon, phosphorus, sulphur 
and carbon in the steel industry. 

W. J. B. Cuarer, in his paper on “ Oxygen processes 
in the steel industry,” discusses these problems 
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together with the use of oxygen for fuel gas combustion, 
for application in different furnaces and for the oxidation 


of solid fuels with oxygen in blast furnaces and for com- 
plete gasification of fuel. 

The paper by A. M. CLark “ The provision of oxygen 
refers to the manufacture of 
tonnage oxygen, especially in connection with its use in 
the liquid form and the improvement in efficiency of the 
distillation cycle, so that the air entering the process 


for industrial processes 


need only be compressed to a pressure of 5 to 6 atmos- 
pheres. In this paper the use of oxygen in gasification, 


also for the manufacture of hydrogen, is discussed. 

F. J. Dent’s paper on “The use of oxygen in 
gasification ” deals with analogous problems, in particular 
that of facilitating the gasification of low grade fuels and 
the introduction of other features, such as pressure 
operations. 

Ladies and gentlemen, I have come to the end of my 
introduction and I hope that the papers now laid open 
to discussion will be the subject of an interesting and 
successful exchange of views, bringing us more knowledge 
on Oxidation.” 
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The mechanism of liquid-phase oxidation 


G. H. Twice 


The Distillers Company Ltd., Research & Development Department, Great Burgh, Epsom, Surrey 


Summary Liquid-phase oxidation is discussed in terms of the free radical chain mechanism 
proposed by BoL.Lanp and his co-workers. This scheme was devised for certain oxidations in 
which hydroperoxide is the major product. It is shown, however, that this mechanism is applic- 
able in its essentials to other oxidations in which the hydroperoxide is not the main product. In 
such cases the products are to be explained in terms of the further reactions of the hydroperoxide 
formed, or the wastage by other reactions of the radicals involved in the chain, or shortening of 
of the chain length as may be produced by catalysts. As examples, the oxidation of paraffins, 
of olefins and of acetaldehyde are discussed. 

In the oxidation of n-decane, hydroperoxide is formed initially, but ketones and acids are 
the major products as oxidation proceeds. The ketones are believed mainly to arise from the 
further reactions of the hydroperoxide, while the acids come from the reactions of the RO,— 
radicals and the instability of the RO— radicals produced. 

The oxidation of certain olefins produces epoxides as a major product, and a mechanism for 
this reaction is suggested. This involves the reaction of an RO, radical with the olefinic 
double bond, which gives rise to epoxide and an RO— radical. Diversion of the RO,— radical 
in this way produces a low yield of hydroperoxide. 

The metal-catalysed oxidation of acetaldehyde is briefly discussed. The products are to be 
explained by the low chain length of the oxidation and the occurrence of reactions between 


radicals and metal ions. 


Résumé— L’oxydation en phase liquide est décrite par un mécanisme en chaine a radicaux 
libres comme proposé par Bolland et collaborateurs. Ce schéma a été imaginé pour certaines 
oxydations dans lesquelles Phydroperoxyde est le produit principal. Il est montré, cependant, 
qu’en principe ce mécanisme est applicable 4 d'autres oxydations dans lesquelles (hydroperoxyde 
ne constitue pas le produit principal. Dans ces cas la formation des produits obtenus peut étre 
expliquée par les réactions ultérieures de (hydroperoxyde, ou par la perte dans d'autres réactions 
des radicaux qui entrent dans la chaine, ou encore par l'abrégement de la longueur de la chaine 
provoqué par catalyse. A titre d’exemple loxydation de paraffine, d’oléfines et d’acétaldehyde 
est discutée. 

Dans l’oxydation du n-décane, Phydroperoxyde est formé tout d’abord, mais, 4 mesure que 
loxydation progresse, les cétones et les acides sont les produits principaux. On croit que les 
cétones sont formés principalement dans les réactions subséquentes de lhydroperoxyde, alors 
que les acides proviennent des réactions des radicaux RO, et de l'instabilité des radicaux RO 
produits. 

L’oxydation de certains oléfines fournit des époxydes comme produit principal, et on suggére 
un mécanisme pour cette réaction, Ce mécanisme implique la réaction d'un radical RO, avee 
la liaison double oléfinique, donnant naissance a l’époxyde et a un radical RO. De cette facon 
la diversion du radical RO, produit un rendement bas en hydroperoxyde. 

L’oxydation d'acétaldéhyde avec un catalyseur métallique est discutée sommairement. La 
formation des produits de la réaction peuvent étre expliqués par la faible longueur de la chaine 
d’oxydation et la présence de réactions entre radicaux et ions métalliques. 


Zusammenfassung Die Oxydation in der Fliissigkeitsphase wird als eine Kettenreaktion 
iiber freie Radikale im Sinne von Bolland und Mitarbeitern erklirt. Das Schema wurde fiir 
bestimmte Oxydationen mit Hydroperoxyd als Hauptprodukt entworfen; es wird jedoch 
nachgewiesen, dass es grundsiitzlich auch fiir andere Oxydationen, in denen das Hydroperoxyd 
nicht das Hauptprodukt bildet, Giltigkeit hat. In solchen Fallen lisst sich das Entstehen der 
gebildeten Produkte erkliren im Sinne von weiteren Reaktionen des entstandenen Hydroperoxyds 
oder dem Verlust der in der Kette befindlichen Radikale in anderen Reaktionen, oder auch durch 
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Verkiirzung der Ketten, wie diese von Katalysatoren verursacht werden kann. Die Oxydation 
von Paraffinen, Olefinen und Azetaldehyd wird beispelisweise besprochen. 


Bei der Oxydation von n-Dekan wird anfangs Hydroperoxyd gebildet, aber je nachdem 
die Oxydation fortschreitet sind Ketone und Sauren die Hauptprodukte. Man glaubt, dass die 


Ketone hauptsichlich bei den weiteren Reaktionen des Hydroperoxyds gebildet werden, wihrend 
die Séuren durch die Reaktionen der RO,-Radikale und die Instabilitat der entstandenen RO- 


Radikale entstehen. 


Das Hauptprodukt der Oxydation bestimmter Olefinen sind Epoxyde ; ein Schema fiir den 
Mechanismus dieser Reaktion wird empfohlen. 
der olefinischen Doppelbindung reagiert, wodurch das Epoxyd und ein RO-Radikal entstehen. 
Die “ Abbiegung * des RO,-Radikals in diese Richtung hat zur Folge, dass die Ausbeute an 


Hydroperoxyd nur gering ist. 


Dies besteht darin, dass ein RO,-Radikal mit 


Die Oxydation von Azetaldehyd unter dem Einfluss eines Metallkatalysators wird kurz 
besprochen. Das Entstehen der gebildeten Produkte lisst sich dadurch erkliren, dass die 
Kettenreaktion kurz ist und zwischen Radikalen und Metallionen Reaktionen stattfinden. 


In developing a new process, or in improving an 
old one, the chemical engineer is dependent largely 
on laboratory experiments which will, in the first 
instance at least, be empirical and ad hoc. The 
development of some theory is, however, almost 
essential, in order to indicate to the chemist those 
parts of the problem that require further investi- 
gation, to give some assurance that optimum 
conditions have been achieved and, possibly of 
greatest importance, to enable the chemical 
engineer to assess correctly the discrepancies that 
often occur between the performance predicted 
from laboratory results and that actually found 
on the plant. The aim of this paper is to discuss 
the theory of liquid-phase oxidation by molecular 
oxygen as it has been applied to certain kinds of 
oxidation. 

Our understanding of the mechanism of liquid 
phase oxidation has made considerable progress 
in recent years. This has been due largely to the 
now classical work of Bo.uanp and his col- 
laborators [1]. Their work has been concerned 
with the oxidation of olefinic esters and it was 
shown that oxidation takes place through a free 
radical chain mechanism, by which a high yield 
of hydroperoxide is formed. In the present paper 
it is not proposed to discuss this work at length, 
but rather to describe some systems in which 
hydroperoxide is not the main product, e.g. the 
oxidation of paraffins, of some olefins and the 
catalysed oxidation of acetaldehyde. It might 
appear at first sight that the mechanism of these 
oxidations is different in principle from that of 
the olefins studied by BoLLanp, but it is now 


evident that the basic steps are the same as set 
out by Bo.tianp and the different types of 
product are to be explained as due to further 
reaction of the hydroperoxide or of the radicals 
involved in the oxidation chain. 

It is therefore opportune first to have a brief 
look at the oxidation scheme of BoLLanp. It 
may be said now that BoLLanp was fortunate in 
his choice of materials for the study of the 
reaction mechanism as there are few others that 
behave quite so ideally. 

Consider the oxidation of a substance which has 
a hydrogen atom easily removable by radicals ; 
it can be represented by the formula RH. Then 
the steps in the formation of the hydroperoxide 
ROOH are as follows : 


Initiation: X > R (1) 
ky 
Propagation: R — + 0, > RO, (2) 


k. 
RO, — + RH ROOH +R — (3) 


kh 
Termination : 2R ~> R R (4) 
ks 
R + RO, > Stable products (5) 
ke 
2RO, > Stable products (6) 


The initiation has been written above in a 
generalized form to represent the first steps in 
the formation of the chain. Initiation can be 


brought about (a) by light which splits a molecule 
into radicals which attack the substrate to form 
R-radicals, (b) by initiators, such as benzoyl 
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peroxide, which decompose thermally into 
radicals, (c) by the thermal decomposition of the 
hydroperoxide ROOH into radicals, and (d) by 
the reaction of metal catalysts with the hydro- 
peroxide to form radicals. Of greatest interest 
industrially is the thermal decomposition of the 
hydroperoxide formed in the reaction, as this gives 
rise to autoxidation. This may be a unimolecular 
reaction [2], or, as in the case of olefins, a bi- 
molecular reaction [3], 


be written : 


In the former case, the 
whole initiation can 


ky 

> RO 
RH — 
RH 


ROOH 
RO — 4+ 
OH 


+ OH (1) 
ROH +R 
H,O +R 


(la) 
(1b) 


Each pair of propagation steps constitutes a unit 
in the chain and at each cycle an oxygen molecule 
is taken up and a hydroperoxide molecule pro- 
duced. Termination occurs by the removal of 
two radicals from the system in the form of a 
stable molecule or molecules. 

Following the treatment of BoLLAND, we can 
show the rate of reaction to be : 


d [O,] 
dt 


k. 
r3 ke’ [RH]. 


(0,] 
When the chain 
length is large, the third term in the denominator 


(7) 


where r,; = rate of initiation. 

can be neglected ; if further, the oxygen pressure 

is sufficient high, the expression can be approxi- 
mated to 

k. 


dt (7a) 


. [RH]. 
In the case of an autoxidation where the reaction 
is initiated by the unimolecular decomposition of 
the hydroperoxide, the equation takes the form 


d [O,] k tks 


dt . (4 b) 


[ROOH}? . [RH]. 


The chain length of the oxidation is a quantity 


of considerable interest. It is the number of 


molecules of oxygen taken up per initiation, i.e. 
1 —d[0,] 


(8) 


ky [RH] 

[RH] 


(8a) 


(Sb) 


for the cases discussed above. Thus, in any batch 
oxidation of a substance which gives rise to a 
high yield of hydroperoxide, the chain length is 
large at the beginning of the oxidation and falls 
progressively as reaction proceeds. 

With this brief account of the mechanism of 
the production of hydroperoxide we can now go 
on to consider those reactions in which hydro- 
peroxide is no longer a major product. All 
indications are that in most, if not all, liquid 
phase oxidations the first steps in the reaction 
are those described above (1 to 6) and that one 
of the first isolatable products is a hydroperoxide, 
decomposition of which provides radicals to carry 
on the oxidation. In the oxidations which we 
are about to discuss the other products arise 
either (1) from further reaction of the hydro- 
peroxide, (2) reaction of the radicals involved in 
the chain of steps 1 to 6 or (3) from the initiation 
and termination steps of the oxidation when the 
chain length is small. In the following account 
the oxidation of three types of material will be 
discussed which exemplify these courses. 


OXIDATION OF PARAFFINS 

The work which is to be described here is part 
of a programme on the oxidation of paraffins 
which has been carried out jointly by the Anglo- 
Iranian Oil Co. Ltd. and The Distillers Co. Ltd. 
As a model of a straight chain paraffin, n-decane 
For all these studies it 


has been chosen. was 


highly purified and the material finally used had 
a purity of 99-7°,. 

When the oxidation was initiated by benzoyl 
peroxide the rate was found to be about 1/100th 
of that of ethyl linoleate, one of the readily 
oxidized olefins used by BoLLaANp. From equation 
(7a) above it will be seen that at a constant rate 
of initiation the rate of oxidation is dependent 
on the ratio k, k,?. The work of Bareman and 
Gre [4] suggested that for a number of substances 
of different 
hence the difference in rate of oxidation reflects 


structure k, did not vary greatly ; 
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mainly the propagation velocity constant ky. that 
is the ease of rémoval of a hydrogen atom from 
the molecule. The factor of about 800 (8 CH, 
groups In n-decane) is a measure of the activating 
influence of the double bond on the neighbouring 
CH, group. 

With this difference in ease of oxidation it is 
therefore not surprising to find that autoxidation 
of n-decane gives such a poor yield of hydro- 
pe roxides. Equation (Sa) shows that other things 
being equal, the chain length is proportional to ks. 

We have made a careful study of the autoxida- 
tion of n-decane, both kinetically and from the 
point of view of the products, at temperatures 
ranging from 110°C to 150°C. When a sample 
of n-decane is cx dized the rate is slow at first 
and then accelerates in the typical manner of 
autoxidations, a behaviour to be anticipated from 
equation (7b); after a period the rate becomes 
constant and finally declines slowly. At the 
beginning of the oxidation a large fraction of the 
products 1s hydrops roxide, the rest being ketones 
and acids. As the oxidation proceeds the fraction 
of oxygen absorbed appearing as hydrope roxide 
declines and the hydroperoxide concentration 
passes through a maximum when approximately 
12 to 15 moles of oxygen have been absorbed per 
100 moles of decane. In the later stages of the 
oxidation the products are mainly acids, esters 
and ketones. 

It is not possible to say whether, if the product 
distribution were ¢ xtrapolated to zero conversion, 
the yield of hydroperoxide would tend to 100°, 
as would be the case if reactions 1 to 6 alone 
were taking place in the initial stages of oxidation. 
The uncertainty is due to the rapid fall in the 
efliciency of hydroperoxide production as the 
oxidation proceeds and also to the difficulties of 
analy sis at very low conversions. However, the 
vield at zero conversion appears to be 80°, or 
greater and therefore in the initial stages there ts 
very little wastage of radicals. 

Some kinetic experiments were carried out at 
low conversion. It was found that the rate of 
oxidation was proportional approximately to the 
0-55 power of the hydroperoxide concentration 
at 145°C. This is in reasonably good agreement 
with equation (7b), although it is probable that 


termination may be more complex than stated 


by equations (4) to (6). The overall energy of 


activation (£_) for the autoxidation was 31-5 keals 


and from equation (7b) it can be seen that 


iE, + E, — (9) 


6 


Independent experiments on the rate of 


decomposition of the decane hydroperoxides have 
shown that E 32 keals, and hence E, LE, 


15-5 keals. This is much higher than that of 


the olefins studied by Bottanp [5]. and is a 
measure of the difliculty of oxidation of straight 
chain paraflins. The energy of activation per- 


taining to chain length is from equation (8b) 
Ev LE, + Ey LE.. (10) 


Using the above values it will be seen that this 
energy of activation ts approximately zero within 
the experimental error, and the chain length is 
therefore constant with temperature. The 
efliciency of production of hydroperoxide in the 
early stages should therefore not change greatly 
with temperature as was actually found; if 
anything this efliciency increased slightly on 
going from 110°C to 148°C. This is contrary to 
the normal behaviour in oxidations of, for 
example, olefins, where the chain length decreases 
as the temperature is raised and it is due to the 
high value of E, — JE 


As conversion is increased there is a rapid fall 


in the efliciency of hydroperoxide production. 
This fall is much greater than would be expected 
solely through shortening of the chain length. 
For « xample, the products at 4°.. conversion at 
148°C, are shown in Table 1. 


Table 1. 


Moles 100 moles 


oxygen al sorbed 


Hydroperoxide 56 
Ketone 28 
Acid 14 


By measuring the rate of decomposition of 


hydroperoxide and the rate of oxidation we can 
estimate the chain length at this point. It was 
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found to have a value of about 4, which would 
imply an efliciency to hydroperoxide of 80°, at 
that point or about 90°, over the whole oxidation 
up to that point if reactions 1 to 6 only took 
place. The fact that it is approximately 56°, 
shows the presence of reactions either destroying 
the hydroperoxide or preventing its formation. 
The hydroperoxide formed can be destroyed by 


a chain reaction, for example 
RO, -CHOOH ROOH 4 
- COOH 


COOH 
OH 


(lla) 


(lib) 


It is probable that this reaction is the main route 
leading to the formation of ketones. 


Loss of hydroperoxide by reaction of the 
radicals involved in the propagation steps 2 and 3 
also appears to occur. Such reactions must be 


bimolecular since they are not in evidence in the 
first stages of the oxidation and they must also 
not produce termination, We accordingly suggest 


2RO, 
The RO 


2RO (12) 


radicals produced can react further 


RO RH - ROW R (13) 


However, we have not detected alcohols during 
the oxidation and it would appear therefore that 
reaction (13) does not occur to any great extent 
or else that alcohols are very readily oxidized. 
There is evidence that alcohols do in fact oxidize 
readily under these conditions and the products 
are mainly ketones. 

This leaves the production of acids unexplained. 
However, it has been shown that alkoxy radicals 
are unstable [6] and the RO 


by reaction (12) above are believed to decompose 


radicals produced 


thus 


R,—CHO (14) 


1 2 
Evidence for the production of aldehydes as 
the 
volatile 


intermediates was given isolation 


the 
oxidation. The aldehydes thus produced oxidize 


The 


by 


propionaldehyde — in products 


very rapidly to the corresponding acids, 


of 
of 


alkyl radicals, it is believed, take up oxygen and 
ultimately end up as acids. 
It has been known for some time that secondary 


CH, 


but it was not known with any certainty how 


groups oxidize more readily than primary, 


these CH, groups would vary among themselves 
in a molecule such as n-decane. To decide this 
point an analysis was made of the products of 
The lowest conversion we 
at to 


4 moles of oxygen per 100 moles of decane (see 


primary attack [7]. 


could convenient ly work corresponded 


Table 1). It was found that in approximately 
82°, of the molecules of decane oxidized the 
carbon chain remained intact; the remaining 
18°,, gave rise to lower ketones and acids. The 
oxidate was first hydrogenated on palladium 
black to reduce the hydroperoxides to the 


corresponding alcohols. By chromatography on 
alumina the product was separated into ketones, 
alcohols, keto alcohols and glycols, the mono- 
functional compounds comprising about 80°, of 
this group. These fractions were further hvdro- 
genated and chromatographed and the mono- 
functional compounds finally obtained as mixtures 
of the 5-decanols. The isomeric composition of 
this mixture was found by infra-red spectroscopy ; 


One such analysis is shown in Table 2. 


Table 2. 


Decanol Isomer Decanols ° 


3 
2-ol 31 
3-ol 25 
t-ol 22 
5-ol 19 


counter-current extraction 
of 


from an oxidate. 


continuous 


By 


decane monohydroperoxide purity greater 


The 


peroxide, which contained 20°, of the oxygen 


than 97°, was isolated 
absorbed during the oxidation was hydrogenated 
over ApAmMs’s catalyst and the product was an 
equi-molar mixture of the 4-secondary decanol 
isomers with possibly a trace of decan-l-ol. Our 
results therefore showed that there was a small 
attack at the 
groups, but that the major attack was distributed 


proportion of terminal methyl 


| 
| | 
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almost equally on the methylene groups of the 
n-decane chain. Within the accuracy of the 
analysis the preference for the methylene groups 
near the ends of the chain was only slight. 
During the above work about 10°, of the 
decane oxidized was shown to have been attacked 
twice. The products were finally isolated as 
glycols but in the original oxidate were present 
as di-hydroperoxides, keto-hydroperoxides and 
di-ketone. In the isolation described above of 
pure decane hydroperoxide we obtained a 
fraction comprising about 5°, of the decane 
attacked which had all the characteristics of 
decane dihydroperoxide. Statistically, at the 
conversion studied one would expect a much 
lower fraction of bi-functional compounds if each 
attack ona molecule were made separately. Hence 
we are led to suggest that the RO,-radical is 
capable of removing a hydrogen atom from its 
own chain somewhat more readily than it removes 
one from a neighbouring decane molecule. The 


process can be represented as 


CH,—CH— CH, —CH,—CH, (CH, ), CH, 


2 2 2 
CH,—CH—CH,—CH,—CH—(CH,), CH, 
O-H 
CH,—CH—CH,—CH,—CH—(CH,), CH, — 
O—O (15) 


When the bi-functional compounds were reduced 
to glycols only a small fraction appeared to be 
alpha or beta glycols, and the majority had the 
hydroxyl groups further separated. On stereo- 
chemical grounds one would expect attack to be 
mainly on the gamma positions. Mention of such 
a mechanism of internal hycrogen transfer leading 
to the formation of a dihydroperoxide has already 
been made by and Srranc [8] who 
oxidised 2-5-dimethylhexane in which the easily 
removable tertiary hydrogen atoms were in 
positions gamma to each other. 

The distribution of molecular weight among the 
acids produced is of considerable interest. These 
acids were analysed by a chromatographic tech- 
nique. It is believed that the acids arise mainly 
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from the breakdown of the RO- radicals of decane 
as shown in equation (14) above. On this basis 
one might expect that the quantity of C, acid 
would equal the quantity of C, acid, that the 
quantity of C, acid would equal that of C, acid 
and so on. Actually the analysis showed a 
considerable preponderance of low molecular 
weight acids, particularly C, and C,, and the 
quantity of each acid decreased as its carbon 
number increased. No C, acid was detected and 
only a small quantity of C,, acid. By separate 
experiments it was established that during oxida- 
tion the acids themselves do not oxidize to any 
detectable extent ; aldehydes also do not degrade 
to lower molecular weight acids, although the 
longer chain aldehydes appear to give some 
oxygenated acids, presumably by the process of 
internal hydrogen transfer referred to above 
(equation 15). It has not been possible to decide 
with any certainty the mechanism which gives 
rise to the acid distribution found, but we are 
inclined to think that one of the radicals involved 
in the formation of acids can throw off a carbon 


atom, ¢.g., 


> 


2 
HCOOH +CH,—CH 
CH, —CH,—CH,—O—O~— ete. —_(16) 


This process is presumed to stop when the 
alternative reaction 


CH,—CH,—CH,—_0—O— ——+ 
CH,—CH,—CHO+OH— (17) 


occurs, the aldehyde being oxidized to an acid. 
We have also studied the oxidation of methyl 
undecane and methyl decane as typical examples 
of branched chain paraffins. It was found that 
these substances oxidized more rapidly than 
decane because of the presence of a tertiary 
hydrogen atom. The problem of interest here is 
the relative ease of removal of the tertiary 
hydrogen atom as compared with that of a 
secondary hydrogen atom. By analysis of a 
product it was possible to show that the tertiary 
atom was removed about 20 times faster than the 
secondary one. However, since in methyl 
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undecane there are 16 secondary hydrogen atoms 
and only one tertiary atom there was approxi- 
mately as much secondary hydroperoxide pro- 
duced as tertiary hydroperoxide. 

will have 
become evident from the foregoing and that is 


One point of practical interest 
that in general the oxidation of a paraffin will 
not lead to any one major product unless the 
structure of the molecule is such as to induce 
preferential attack at one position (for example, 
the 2,5-dimethylhexane of Wisaut and STRANG). 


OXIDATION OF OLEFINS 
In the laboratories here we have carried out a 
considerable amount of work on the oxidation of 
of different Most 
contrast to the olefins examined by BoLLanp, do 


olefins types. of these, in 
not yield hydroperoxide as a major product. The 
in the olefin 
The formation of epoxides in the 


known 


major product cases was 


epoxide [9]. 


many 
oxidation of olefins has been for some 


time, and there have been several theories to 
account for their formation, none entirely satis- 
factory. 
that in the oxidation of olefins the attack of the 


An 


however, 


Farmer and his colleagues [10] showed 


radicals was on the a-methylene group. 
examination of the structure shows, 
that neither the hydroperoxide formed nor any 
of the from attack the 
a-methylene group is likely to isomerize to epoxide. 


radicals derived on 
It has been shown in these laboratories that the 
addition of catalysts to the oxidation of olefins 
increases not only the rate of oxidation but the 
rate of production of epoxide. This therefore 
disposes of theories which account for epoxide by 
the addition of an oxygen molecule across the 
double bond. It also suggests that the epoxide is 
not formed by the interaction of a hydroperoxide 
molecule with the olefin, since, at the short chain 
length used in these oxidations, the hydro- 
peroxide concentration is approximately inversely 
proportional to the concentration of the catalyst, 
and the addition of a catalyst would therefore 
not increase the rate of such a reaction. It must 
be that 
through the attack of radicals on the double 


bond. The work which we have carried out here 


concluded the epoxides are formed 


11 


indicates that the most plausible mechanism 
for this reaction is as follows : 


t > 


0+RO 
CH, 


An RO,-radical derived from attack on the 
z-methylene position adds to the double bond to 
give an unstable radical which breaks down into 
epoxide and an RO— radical. This provides some 
explanation of the fact that generally the maxi- 
mum yield of epoxide which can be obtained in 
the oxidation of an olefin does not exceed 50%, 
although it is possible for it to do so through 
the further breakdown of the RO— radical to 
give radicals which can again yield RO,— type 
radicals. Some time after we had formulated this 
mechanism there was published a paper by BELL, 
Rust and VauGcuan [11], which described some 
experiments carried out on the decomposition 
of pure tertiary butyl peroxide. These authors 
found that a major product was isobutene epoxide 
which they accounted for by the abstraction of 
hydrogen from one of the methyl groups of the 
peroxide to give the following radical 


RO— +(CHy), . C—O—O—C (CH,), ——> 
CH, 

(CH,), C—O—O—C—CH, 
CH, 


This then decomposed to give the epoxide and a 
tertiary butoxy radical : 


CH, 
| 
(CH,), . C—O—O—C—CH, - 
| 
CH, - 


CH, 
(CH,), C—O— + C—CH, 
0 
\ 
CH, 


It will be that this unstable radical is 
identical with the product formed by the addition 


of an RO, radical to isobutene. 


seen 
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In the oxidation of those olefins which give 
rise to high yields of epoxide, the yield of hydro- 
peroxide was low due to the wastage of RO, 
radicals which otherwise would end up as hydro- 
peroxide. These RO, radicals, as we have seen, 
turn into RO— radicals after carrying out the 
epoxidation, and it would be expected that the 
remainder of the products would be derived from 
these RO— radicals. A careful examination was 
made of the products of oxidation of 8-di-isobuty- 
lene and this was in fact found to be the case. The 
primary attack on this olefin produced the R 
type radical 


CH, 


CH, CH, 


There appears to be some preference for the 
second form and most of the products were derived 
from this. As expected, the RO radicals derived 
from both forms gave rise to the corresponding 
alcohols which were isolated. Among the other 
products were those derived from the breakdown 
of the RO— radicals 


CH, CH, 
CH, —C—CH —C = CH, 

CH, O 
CH, CH, 


CH,—C— +CH,=C—CHO 
CH, 


and methacrolein was also isolated. The t-buty! 
radical is capable of forming an RO,— radical 
which would carry out an epoxidation as des- 


cribed above. t-Butyl hydroperoxide was among 


the isolated products. 


Oxidation of Acetalde hyde 
Another case in which the hydroperoxide is not 
the desired product is the oxidation of acetalde- 
hyde to acetic anhydride a process operated 
industrially on a large scale. Here, catalysts are 
used deliberately to suppress the formation of the 
hydroperoxide, peracetic acid [12]. The pro- 
duction of acetic anhydride is further complicated 
by the fact that the desired product has a short 
life under the conditions of the oxidation. We 


have made measurements at the reaction tem- 


perature of the rates of hydrolysis in mixtures of 


acetic anhydride, acetic acid and water over a 
complete range of composition. These figures 
have proved very useful in assessing results 
obtained from the pilot and full-scale plants ; 
they enable one, for instance, to calculate back 
to the vields of anhydride actually made in the 


reaction. and to caleulate whether a loss in vield 


of anhydride is due to a change in the nature of 


the reaction or to subsequent hydrolysis [12 

Since the desired product is short-lived, and 
the hydrolysis is not a radical-induced reaction, 
one condition for maximum yield is that the 


oxidation shall be as fast as possible. There is a 


practical limit to this, set by the diffusion of 


oxygen into the solution; this in turn indicates 
the type of equipment to be used. Even in the 
best equipment, however, it is probable that the 
oxidation is being carried out substantially under 
conditions of oxygen starvation [13]. Whether 
this is likely to affect the efficiency of the reaction 
can only be decided when the mechanism of the 
reaction is known. 

The mechanism of the oxidation is extremely 


complex and is not known in full detail, althougn 


work in these laboratories has elucidated some of 


the more important steps. In the absence of a 
metal catalyst, the hydroperoxide, peracetic acid, 
is the main product and the mechanism is probably 
similar to that described by equations 1 to 6. There 
is some doubt as to the initiation, however, and a 
reaction between oxygen and aldehyde has been 


suggested {14}. 
CH, . CHO+0,—+ CH, . CO— +O, 


As the reaction is carried out industrially, a 
concentration of metal catalyst is used, high 
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enough to keep the peracetic acid concentration 
at a low level. It seems very probable that 
peracetic acid is again the first-formed product, 
and that while the propagation steps 2 and 8 are 
the same, both the initiation and the termination 
are different. The initiation occurs by interaction 
of the catalyst with peracetic acid : 


CH,-CO.0OOH +M » CH, CO.0— OH’ 
(ROOH) (RO—) 


CH,-CO.OOH M 
(ROOH) 


CH,CO.00- 4M 
(RO,—) 


These radicals then react with aldehyde to give 
the CH, - CO— (R—) radical, and the propagation 
steps 2 and 3 take place. Because of the high 
concentration of catalyst, the chain length is 
short. Again because of the high concentration 
of catalyst, and also because of the great speed 
of the reactions, the concentration of radicals is 
very great, and hence radical-radical interactions 
and radical-catalyst interactions are very import- 
ant. It is to the latter type of reaction that the 
high degree of specificity of catalysts is to be 
attributed. For instance, it is known that 


manganese directs the oxidation mainly to acetic 


acid; this is probably due to the reaction 

CH, -CO—-O--+M » CH, -CO.O'4+M* 
being extremely fast when M is one of the 
oxidation states of manganese. It is also known 
that the use of a cobalt-copper catalyst leads to 
the production of acetic anhydride rather than 
acetic acid, and this we believe to be due to the 
reactions 

CH, - CO— + Cu 

CH,-CO” +CH,-COOH 


CH, -CO* +Cu* 
» (CH,CO),0 +H" 
By-products are produced in the oxidation of 
acetaldehyde ; for instance, carbon dioxide and 
methyl acetate arise from the decomposition of 
the RO 


CH, CO. O CH,— + CO,. 


type radical 


Other byproducts may arise from radical-radical 


reactions, 


I wish to express my gratitude to my colleagues 
for allowing me to quote from their unpublished 
results. I am also indebted to the Directors of The 
Distillers Company Limited and to the Anglo- 
Iranian Oil Company Limited for permission to 
publish this work. 
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DISCUSSION 


Prof. Dr. Ir H. 1. Waterman : (Delft University) 


Could the author give some more details on the per- 
centages of monocarboxylic acids obtained in the oxidation 
of normal decane and mentioned in the table projected ? 

It could be expected that there would be no preference 
for the different CH»-groups. The percentages of C4 and 
of Cg were especially high, viz., 27-6%, and even 45-0% 
respectively, whereas the Cg was very much lower. 

Is there any explanation available at the moment and 
are there figures for a still shorter contact time 


The Author : 
The following is the table which was projected : 


Carborylic acid distribution in decane oxidation 


Run DAXH DAXU DAVI DA XI 


po Mole /1 O-O17 0-046 0-063 0-148 

av Mole /1 0-0022 0-0045 00-0137 0-0308 
Cro O-41% 1-55% 0-31% 
Cg 0-0 0-0 trace 2-1 
Cs 18 25 10 
C; 20 7-5 9-3 11-2 
28 10-0 12-4 13-6 
Cs 10-8 10-7 15-3 16-0 
27-6 11-5 14:5 170 
Cs 9-6 13-8 17-5 17-7 
C2 45-0 42-5 29-8 20-6 


There are four runs carried out at increasing extents of 
oxidation. The figures against the entries pu and av are 
the analyzable peroxides and acids respectively in moles 
per litre. The figures in the table represent each acid as 
a percentage of the total monocarboxylic acids excluding 
formic acid, with which analytical difficulties were found. 
This analysis was carried out by liquid partition chroma- 
tography. The main feature of the table is a preponderance 
of lower acids in the early stages of the oxidation, followed 
by a more even distribution as the oxidation proceeds. We 
have some tentative views on the cause of this but no 
direct experimental confirmation. Also noteworthy is the 
absence of Cg acid, showing that when the chain splits 
after attack on the second carbon atom it does so between 
carbon atoms 2 and 3, and not between 1 and 2. In the 
run at the lowest extent of oxidation it would seem that 
the Cy-C,y acids are anomalous. This is possibly due to 
experimental error, since there is no marked preference 
for any one CH, group. This result is also out of line 
with other experiments which we have made. The extent 
of oxidation in this first experiment was 0-5 mole of 
oxygen per 100 moles of hydrocarbon, and it would be 
difficult to carry out reactions at a lesser extent of oxida- 
tion owing to analytical difficulties. 


Ir G. E. Rumscheidt : (Kon. /Shell Lab., Amsterdam) 


1. On page 12 at the top the following is stated : 
“In the oxidation of those olefins which give rise to 


high yields of epoxides, ete... .” 


14 


This indicates that not all types of olefins can be 
oxidized to epoxides in reasonable yields. I would like 
to ask Dr. Twice whether there is any relation between 
the structure of the olefins (branching, place of the double 
bond) and their ability to form epoxides, Is there a 
possibility that slight amounts of impurities play a role 
in this respect ? 

2. What metal catalyst has been used in the oxidation 
of olefins to epoxides ? 


The Author : 


1. We believe that there is a relationship between the 
ease of formation of epoxide and the structural type of the 
olefin, but we have not examined enough olefins to draw 
any definite conclusions. We do not think that impurities 
have any marked effect on the ability to form epoxides, 
although it is possible that certain catalysts may influence 
the yield. 

2. Cobalt as naphthenate. 


Dr. A. F. Bickel : (Kon. /Shell Lab., Amsterdam) 


With regard to the importance of the reactions (11), 
(12) and (13) mentioned by Dr. Twice in his paper, I 
should like to ask whether it will be possible to go a 
little more into detail, especially with relation to the 
arguments that may be presented in favour of these 
reactions. 


The Author : 


It is not possible in a reasonable space to present all 
the arguments in favour of these reactions, but the 
following points may be noted : 


Reaction 11 

The decomposition of secondary hydroperoxide in con- 
centrated form is much more rapid than that of tertiary 
hydroperoxides, but the rate of splitting of the O — O 
bond is about the same in both cases. Hence, for the 
secondary hydroperoxide there is a chain decomposition, 
and as ketone is a main product, equation (11) seems the 
most reasonable way of formulating this chain reaction. 
The hydrogen atom on the carbon atom carrying the 
peroxide group will be loosened by this group. 


Reaction 12 


Some evidence for this subject has been presented by 
VAUGHAN and his colleagues (Ref. 6). 


Reaction 13 
See references 2 and 6. 


Ing. Dr. A. Lagier : (Sté Lyonnaise de Produits Benzoiques, 
St. Fons) 


In the course of industrial oxidation of toluene a number 
of allied and secondary products have been isolated which, 
in total, represent about 3% of converted toluene. 


These are : benzaldehyde, 
benzy! alcohol, 
benzyl benzoate, 
octylketone, 
© and p phenyl! toluene. 
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which, by cyclization, yields fluorenone 


CO 
H. A. Cheney : (Shell Dev. Co., Emeryville, Cal.) 


Can you explain why metallic copper leads to hydro- 
peroxides formation as is shown by Forrurn and Warer- 
MAN, whereas other metals (Co, Mn, Cr, Fe) result in 
acids as found by Coie, and Deriine ? 


The Author : 


In the work of Forrurs and WarrerMan, the material 
being oxidized (isopropylbenzene) leads to the formation 
of a tertiary hydroperoxide which is stable. The tertiary 
butyl toluene of Cote, FarrBarrn and probably 
oxidizes to a hydroperoxide, but this is unstable, e.g. 


R — CH,OOH +R — CHO + HAO, 


or else the RO, radical that would form the hydro- 
peroxide is unstable 


R — CH,0O >R — CHO + OH — 


and the hydroperoxide is thus not formed. The aldehyde 
formed in this way is oxidized very rapidly to acid. 


Prof. Dr. J. H. de Boer: (Centr. Lab. Staatsmijnen, 
Geleen) 


The answer to Dr. Cuenery’s question is, that in the 
work of Forrurn and WATERMAN a real metal (copper) is 
used as a catalyst, whilst in the work of Twice (and also 
in other work discussed at the conference) the “ metal ” 
catalysts which are used are metal salts, acting as homo- 
geneous catalysts. 

A metal, in its first stage of oxidation, takes up an oxygen 
molecule, which is not yet split into atoms and which has 
a radical character, it is only bound by one electron shift. 
In the following stages of oxidation more electron shifts 
follow, the molecule is split up into atoms, ete. If, how- 
ever, the process of further oxidation is slow (precious 
metals like Cu and Ag) an organic molecule may react 
more quickly with the chemisorbed O, than the metal 
itself and a catalytic formation of a hydroperoxide results. 
Some metals therefore, catalyse the formation of hydro- 
peroxides. They, however, do not decompose them. 

Metal salts (metal ions), on the other hand, are primarily 
catalysts for the decomposition of hydroperoxide, not for 
their formation. 

All the consequences of these views are in accordance 
with experimental evidence. We hope to publish these 
views more extensively in due course. 

Dr. J. P. Fortuin : (Kon./Shell Lab., Amsterdam) 
Additional Remarks 


In addition to the remarks of Prof. De Borer the 
importance of the use of heterogeneous catalysis for the 
preparation of hydroperoxides is stressed. 

It is pointed out that the surface of the copper catalyst 
used in the oxidation of cumene should be very clean. 


Dr. H. Jockusch : (Farbwerke Hoechst A.G., Frankfurt 
a. Main) 

I should like to ask Mr. Twice two questions. 

1. It is not satisfactory to formulate the starting 
reaction as the dissociation of peroxides because aldehydes, 
at least, react with oxygen in the absence of peroxides and 
catalysts. In our work on the acetaldehyde oxidation in 
the presence of manganese acetate we have found that, in 
the course of an induction period, the manganese is brought 
to a higher valence by reaction with a peroxide or a 
peroxidic radical, The evaluation of a great number of 
batches showed that the absorbed oxygen was quantita- 
tively consumed for this purpose. This means that no 
reaction between peracid and aldehyde occurred. There- 
fore the reaction forming acetic acid or anhydride must 
proceed very slowly. In laboratory experiments we 
observed that the reaction rate of catalyst-free acetalde- 
hyde was varied only to a limited degree by addition of 
manganese salt. This indicates that the maximum rate 
depends on an initial step which occurs independently of 
the presence of a catalyst and which is thought to be the 
formation of a peroxide as a thermal reaction. 

2. Experiments made by ALmquist and Brancu and 
by Waters and Wicknam Jones showed that, in the case 
of aldehyde oxidation we have to deal with two forms of 
peroxides. One of them is formed in the early stages of 
the reaction while the second is formed as soon as a 
sufficient amount of acid is present to transform the first 
peroxide. Briner confirmed these observations in a 
recent paper in which he described measurements of the 


infra-red absorption of oxidizing benzaldehyde. 

Now, Lorscu found in 1940 that in the course of 
oxidizing acetaldehyde at low temperature a peroxidic 
compound (CHgCHO)s Og is formed, for which he pro- 
posed the formula 

CHg 


CH, C CH 


OH 


that is the peracid ester of the acetaldehyde hydrate. 
Assuming that this compound is the first peroxide I 
should like to propose tentatively the aldehyde chain 
reaction as follows : 


RC Os + RC 00 
O O 
R 
RC — OO + RCH —+ RC— 00 —CH 
O O 
R R 
RC — OOCH + RCH > RC OOCH + RC 
0 oO O O OH O 
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This compound would be formed as long as there is not 
sufficient acid to split the ester thus producing the second 
peroxide, the free peracid 


The Author : 


1. The question of the intiation of the oxidation of 
aldehydes in the absence of catalysts is very difficult to 
settle, since aldehydes oxidize so rapidly and it is extremely 
difficult to prepare pure aldehyde containing no catalyst, 
no inhibitor and no peroxide In the paper there is 
mentioned an initiation reaction which does not involve 
peroxide 

We have had a similar experience to that quoted by 
Dr. Jockuscu with manganese in the oxidation of hydro- 
carbons. The effect appears to be peculiar to the man- 
ganese and not to the material being oxidized. The cause 
of the induction period is somewhat obscure as the valency 
states of manganese during the oxidation are not known. 
Perhaps Dr. Jockuscu would explain his statement that 
oxygen ts quantitatively consumed in the raising of the 
manganese to a higher valent stats Was no acetic acid 
produced and what was the final valeney state of the 
nanganese 

2. It is undoubtedly true that during the oxidation of 
aldehydes at least two peroxides are present : in the case 
of acetaldehyde, 


(a) Peracetic acid, and 
(6) Lorscu’s compound (Bawn and 
Trans. Faraday Soc., 1951, 47, 721) 


It may well be that the latter compound is formed by 
the mechanism proposed by Dr. Jockuscn. This will be 
somewhat difficult to test as an equilibrium exists 


co OOH CHO 


il 
Cily CO Cll, 
on 


This equilibrium is very rapidly established, and it 
would be difficult to tell whether the peracetic acid arises 
first and then forms the intermediate compound, or vice 
versa At low temperatures the equilibrium lies sub 
stantially on to the right hand sick It should be possible 
to obtain further information about these reactions by 
some physical means, such as infra-red absorption, but 
we are unable to agree with some of Brainen’s observations 


J.C. Balaceanu : (/nst. Francais du Pétrole. Renil-Mal.- 
maison) 


By means of an autoxidation process in the liquid phase 
and using metallic catalysts, the Institut Francais du 
Pétrole have developed a selective synthesis of tetralone 
starting from tetralene 


OO 


The stationary peroxide concentration is very low. 
Tetralone is next oxidized by nitric acid to tetralic acid 
or « carboxyhydro-cumaric acid (carboxy 1 propionic 
x benzene). 
COOH 


CHYCH,COOH 


This acid with six carbon atoms, just as adipic acid, has 
also analogies with phthalic and terephthalic acids where 
the propionic group has a certain mobility 

\ quantity of 100 kg tetralic acid will be prepared to 
determine its applicability in the field of plasticizers 
plastic s and fibres 

As regards the ideal temperature distribution in a 
reactor I should like to call the attention to an interesting 
method (JuNcers and Giraup, Cinétique Chimique 
Appliquée, Revue de T Institut Francais du Petrole, 1954) 
when the kinetics of the reaction are known. 


VELOCITY 


ADIABATIC 


fo 


ENVELOPE 


% CONVERSION 


In the case of exothermic equilibrium reaction SO, 

1 Og »*SOy. If the reaction rate at a temperature 
T, is plotted as a function of the conversion, the rate 
becomes zero for the equilibrium concentration Ata 
temperature Ty, higher than 7), the initial rate is higher 
but the equilibrium but lies at a lower conversion, All 
rate curves are tangential to a curve (envelope) which 
has the following properties : in any point of this curve 
the rate is maximum for the percentage conversion in 
question. This curve gives the ideal temperature distri- 
bution in the reactor. The inlet temperature is determined 
by the exchangers (f). One may start with an adiabatic 
reaction and raise the temperature. Then the ideal curve 
may be followed. 
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Herstellung synthetischer Fettsauren durch Oxydation von Paraffinischen 


Kohlenwasserstoffen mit Molekularem Sauerstoff 


G. Wierzei 


Imhausen Werke, Witten-Ruhr. 


Summary A brief historical summary of the development of the process is given. The main 
stages are: oxidation, refining of the oxidation mixture into raw fatty acids, and distillative 
decomposition of the latter into fatty acid fractions. The oxidation is the most important 
stage. The liquid paraflin is oxidized with air at 110 © in the presence of a catalyst (15-30 hours) 
until one-third is transformed into fatty acids. The comparatively low oxidation temperature 
and the catalyst are two factors of particular importance for obtaining useful fatty acids since 
temperatures of 150 C cause super-oxidated products. So far potassium permanganate has 


proved to be the best catalyst. 


A detailed description is given of the mechanism of oxidation, — especially of LANGENBECK’s 
scheme. In the course of processing, the fatty acids in the oxidation product are first of all 
transformed into soaps, the unsaponifiable matter is separated from the soaps so obtained 
finally by evaporation from the molten soaps. These are again transformed into fatty acids by 
sulphuric acid, and distilled into different fractions. Details are given of the installations for 
large scale production 

The various fields of application for fatty acids are mentioned — especially the manufacture 


of soaps, detergents, plasticizers and synthetic fat. 


Résumé La préface de ce rapport a pour but de vous donner un bref résumé historique du 
déve loppement de ce procédé qui est, en prim Ipe, déja connu depuis de longues aunnees. Dans 
su forme actuc lle, il se COM pose de différentes phases, est-a-dire : oxvdation, raflinage de la 
mixture en acides gras bruts, et décomposition distillative de ceux-ci en fractions d’acides gras, 
L/oxydation, étant la plus importante phase de ce procédé, exige une description plus détaillée. 
La parafline, a Pétat liq. ide — a la température de 110°C mise en présence d'un catalyseur — est 
oxydeéee au moyen de lair (15-30 heures) jusqu’a ce qu'un tiers environ se soit transformé en 
acides gras. Une température assez basse, ainsi que le catalyseur peuvent étre considérés comme 
les facteurs les plus importants pour obtenir des acides gras utilisables. C'est déja vers 150 ¢ 
qu apparais ent des produits suroxydés, Jusqu’a présent, le perau nzganite de potassium s'est 


revelé comme étant le meilleur catalyseur. 


Le mécanisme de loxydation, particuli¢rement le schéma de LANGENBECK, sera discuté en 
détail. Au cours de ce procédé les acides gras, contenus dans le produit doxydation, sont d'abord 
transformeés en savons, linsaponitiable est séparé des savons, et en fin d’opération, par évaporation 
des savons fondus. Ces derniers sont retransformes en acides gras, moyennant d’acide sulfurique, 


et décomposés en différentes fractions par une distillation dans le vide. 

Des indications détaillées suivront au sujet des installations de production sur une grande 
échelle. 

Les domaines d’application des fractions dacides gras seront cités, p.e. les secteurs les plus 


importants : la fabrication des savons, détergents, plastifiants et graisse alimentaire. 


Zusammenfassur g Zuerst wird ein kurzer geschichtlicher Cberblick iiber die Entwicklung 
des im Prinzip schon lange bekannten Verfahrens gegeben. Dieses ist in seiner jetzigen Form 
mehrstufig ; die hauptsiichlichsten Stufen sind: Oxydation, Aufarbeitung des Oxydations- 
gemisches zu Rohfettsiiuren und destillative Zerlegung dieser in Fettsiiurefraktionen. Da die 
Oxydation die wichtigste Verfahrensstufe darstellt, wird diese eingehender als die anderen 
besprochen. Das Paraflin wird in fliissigem Zustand bei 110° in Gegenwart eines Katalysators 
so lange (15-30h) mit Luft oxydiert, bis etwa 4 in Fettsiure umgewandelt sind. Von besonderer 
Wichtigkeit fiir die Gewinnung guter Fettsiuren ist die verhiltnismissig tiefe Oxydations- 
temperatur — bei 150° schon entstehen stark iiberoxydierte Produkte und der Katalysator ; als 
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bester hat sich bisher Kaliumpermanganat erwiesen. Ausfihrlich wird der Reaktionsmechanismus 
der Oxydation, insbesondere das hierfiir von LANGENBECK aufgestellte Schema, diskutiert. In 
der Aufarbeitung werden die im Oxydationsprodukt enthaltenen Fettsiiuren zuerst in Seifen 
umgewandelt und das Unverseifbare von den Seifen abgetrennt, zuletzt durch Abdampfen von 


den geschmolzenen Seifen. 


delt und in der Vakuumdestillation in einzelne Fraktionen zerlegt. 
grosstechnischen Apparaturen werden detaillierte Angaben gemacht. 


Diese werden durch Schwefelsdure wieder in FettsAuren zuriickverwan- 


Bei der Besprechung der 
Die Anwendungsgebiete 


fiir die Fettsiurefraktionen werden angegeben, von denen die Herstellung von Seifen, Wasch- 
mitteln, Weichmachern und synthetischem Fett bemerkenswert sind. 


1. Usersiick UBER DIE 
ENTWICKLUNG DES VERFAHRENS 

Die Oxydation von paraflinischen Kohlenwasser- 
stoffen, d.h. solchen, die zu wenig (parum atffinis) 
fir chemische Reaktionen geeignet sind, ist ein 
altes Problem, keineswegs ist seine Bearbeitung 
erst durch die beiden Weltkriege veranlasst 
worden. Schon 1884 hat Schaal den Vorschlag 
gemacht, Parafline mittels Luft zu Fettsduren zu 
oxydieren, wenn auch sein Vorschlag — wie er 
selbst spater zugab — noch nicht so reif war, dass 
er technisch verwertet werden konnte. 

Es wiirde zu weit fiihren, alle Forscher hier 
aufzufiihren, die sich um das Problem bemiht 
haben. Nur folgendes méchte ich erwahnen : 
Weitblickende Manner wie Bosch und Mittasch 
der Badischen Anilin und Soda Fabrik in Lud- 
wigshafen, die spater ein Werk der LG. Farben- 
industrie war, sahen frihzeitig voraus, dass infolge 
der zwangslaufigen Entwicklung der Kohle — und 
Erdélverarbeitung grosse Mengen an Paraffin 
anfallen miissten, was spiter bei dem Fischer- 
Tropsch-Verfahren und der Kohle — und Schweel- 
teerhydrierung auch der Fall war und in noch 
grésserem Masse einmal der Fall sein wird, wenn 
die paraflinischen Erdéle (z.B. die Vorderasiens) 
sinnvoll aufgearbeitet werden. Es war deshalb 
zweckmiassig, an eine chemische Verarbeitung des 
Paraflins zu gehen. 1921 begann in der B.A.S.F. 
die Forschung tiber die Paraflinoxydation ; die 
Arbeiten wurden auch weitergefiihrt, als infolge 
der anormalen Wirtschaftslage 1929 und in den 
folgenden Jahren die Preise fiir natirliche Fett- 
sduren unter denen des Paraflins lagen. 

Dass auch ausserdeutsche Lander das Problem 
der Umwandlung von Paraffin in Fettséuren als 
wichtig ansahen, geht aus der Tatsache hervor, 
dass bereits 1931 die Standard Oil of New Jersey 
gemeinsam mit der I.G. Farbenindustrie in Baton 
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Rouge im Staate Louisiana (U.S.A.) eine Versuch- 
sanlage errichteten, in der taglich 3 t Paraftin 
verarbeitet wurden. 

Als bei dem Fischer-Tropschverfahren, nach 
dem bekanntlich Kohlenoxyd plus Wasserstoff 
katalytisch zu Kohlenwasserstoffen (hauptsach- 
lich Benzin und Dieselél) umgesetzt werden, auch 
der sogennante Paraflingatsch als Abfallprodukt 
anfiel, der erst durch Kracken in niedere Produkte 
eine Verwendung finden konnte, begannen auch 
andere deutsche Firmen, sich intensiv mit dem 
Problem zu beschaftigen ; wir nennen Imhausen 
Witten, Henkel Diisseldorf und Hubbe-Fahren- 
Das Problem ist dann soweit 
1937 die 
technische Anlage., die Deutschen Fettséure 
Werke (DFW) in Witten, mit einer Verarbeitungs- 

40000 jato Paraflin in Betrieb 
gesetzt konnten. In demselben Jahre 
schlossen sich die Partner der DFW, Henkel 
Diisseldorf und Imhausen Witten, mit der LG. 
zu einer Verfahrensgesellschaft zusammen. 

Kinige Jahre danach hat die 1.G. eine Anlage 
in Ludwigshafen-Oppau mit der Verarbeitungs- 
kapazitat von 20000 jato Paraflin und noch etwas 


holtz, Magdeburg. 


worden, dass erste gross- 


gefordert 


kapazitat von 
werden 


spiter eine ebenso grosse in Heydebreck Ober- 
schlesien in Betrieb genommen. Hubbe-Fahren- 
holtz hat ein Werk in Magdeburg errichtet, das 
aber noch nicht produzierte. Die Tabelle gibt 
Ihnen die wahrend des letzten Krieges giltigen 
Zahlen fiir die Paraflingewinnung und fiir die 
Paraflinverarbeitung auf Fettséuren an. 


Paraffin- Erzeugung 


Zeitz (Braunkohle T.T.H. 
Hydrierung) 50,000 jato 


Fischer Anlagen (Synthese) 50-60,000 


Misburg (Erdél) 6,000 ,, 
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Paraffin- Verarbeitung auf Fettsdéuren 
DFW (Witten) 40,000 jato 
L.G. (Ludwigshafen-Oppau) 20,000 ,, 
1.G. (Heydebreck) 20,000 ,, 


Zur 
natirlichen Fettsauren und der hohen fiir Paraffin 
die Anlagen in Westdeutschland stillgelegt, die 
DFW-Anlage lief noch bis Anfang 1953. In 
Ostdeutschland ist in Rodleben nach dem Kriege 
ein Werk errichtet worden, das sich noch im 
Betrieb befindet. 

Wir kommen jetzt zu der Besprechung der 
Verfahrens, wie es im grossen ausgeiibt wurde. 


Zeit sind wegen der niederen Preise der 


AUSGANGSSTOFFES UND SEINE 


VORBEHANDLUNG 


2. Want DEs 
EVENTUELLE 
Wenn hauptsachlich die Gewinnung von Seifen- 
fettsauren C,,—C,, 
Parafline mit Schmelzpunkt von etwa 38-52°C 


beabsichtigt ist, werden 

verwendet, die mittlere Kettenlinge liegt bei 

ihnen zwischen C,, und C,, ; am vorteilhaftesten 

waren die Anteile, die zwischen 350 und 430 

(auf Normaldruck bezogen) sieden, doch ware 

diese Fraktion haufig mengenmassig zu gering. 

Geeignete Parafline fallen an : 

1. bei dem Fischer-Tropsch-Verfahren, namlich 
der bereits erwihnte rein paraflinische und 
schwefelfreie Gatsch mit Schmelzpunkt von 
etwa 38° und Siedebereich 320-450°C, 

2. bei der Tief-Temperatur-Hydrierung des 
Braunkohlenschwelteeres (T.T.H. Verfahren) 
ein etwas héher molekulares Paraffin mit 
Schmelzpunkt 52°C ; Kettenlange C,, — C,,. 

3. bei der Aufarbeitung des Erdéles. 

Die Parafline sollen méglichst viel geradkettige 
Kohlenwasserstoffe und méglichst keine oder nur 
geringe Mengen Naphtene, Aromaten und Olefine 
enthalten. Inhibitoren fiir die Oxydation wie 
Phenole sollen fehlen, der Schwefelgehalt soll 
unter 0-01%, liegen. Die Dichten bei 70° der fiir 
die Oxydation Parafline 
0-765-0-770, je nach Durchschnittskettenlange, 
Nicht ganz reine Parafline 


geeigneten betragen 
mit der sie steigen. 
kénnen vorher physikalisch (durch Ausschwitzen, 
Behandlung mit selektiven Lésungsmitteln) und 
oder chemisch (durch Hydrierung, Behandeln mit 


Schwefelsaure, Aluminiumchlorid und Bleicherde) 
fiir die Oxydation geeignet gemacht werden. 


3. OXYDATION PARAFFINS ZUM 


Ox YDATIONSGEMISCH 


DES 


Diese Reaktionsstufe ist die wichtigste des ganzen 
Je vollkommener sie gestaltet zu 
die 


Verfahrens. 


werden vermag, desto einfacher kénnen 
spiteren Reaktionsstufen durchgefiihrt werden, 
und desto besser ist die Gesamtausbeute und die 
Qualitat der Endprodukte. Wir werden deshalb 


die Oxydation besonders eingehend besprechen. 


(a) Verfahren 

Die Reaktion: Paraffin + molekularer Sauer- 
stoff — Fettsaure wird ausgefiihrt, indem Luft 
bei Temperaturen von 100-120° durch flissiges 
Paraflin in Gegenwart eines Katalysators z.B. 
Kaliumpermanganat langere Zeit (6-24h) hin- 
durch Die Reaktion springt 
gewohnlich nicht gleich, sondern erst nach einer 


geleitet wird. 
gewissen Induktionszeit an. Dauert diese lange, 
etwa mehrere Stunden, so ist dies ein Zeichen 
dafiir, dass das Paraflin nicht ganz rein war. 
Kine fiir die Oxydation geeignete Laborapparatur 
zeigt die Abb 1. 

Die Bruttoreaktionsgleichung 
ist : 


fir z.B. C,H 


20° "42 


In einem Paraffinmolekiil nehmen an irgend 
einer Stelle 2 benachbarte CH,-gruppen Sauer- 
stoff auf, das Molekiil bricht zwischen beiden CH, 
gruppen auseinander unter Bildung von 2 Fett- 
siuremolekiilen, ferner tritt 1 Molekiil Wasser 
auf. Es entstehen geradzahlige wie ungeradzahlige 
Fettsauren und zwar in etwa gleicher Menge. Die 
natiirlichen Fettsiuren sind gewéhnlich gerad- 
zahlig und geradkettig, in den letzten Jahren ist 
aber nachgewiesen worden, dass in der Natur 
auch ungeradzahlige und sogar verzweigte Fett- 
siuren vorkommen. Die Oxydation ist natirlich 
exotherm, es entstehen pro Mol etwa 200 kcal. 

Man kann auf Grund der bisherigen Versuche 
sagen, dass die CH,-—vor den CH, — gruppen 
bevorzugt vom Sauerstoff angegriffen werden und 
dass sie dabei etwa gleichwertig sind. Ob feinere 
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bester hat sich bisher Kaliumpermanganat erwiesen. Ausfiihrlich wird der Reaktionsmechanismus 
der Oxydation, insbesondere dus hierfiir von LANGENBECK aufgestellte Schema, diskutiert. In 
der Aufarbeitung werden die im Oxydationsprodukt enthaltenen Fettsiuren zuerst in Seifen 
umgewandelt und das Unverseifbare von den Seifen abgetrennt, zuletzt durch Abdampfen von 
den geschmolzenen Seifen. Diese werden durch Schwefelsiure wieder in Fettsduren zuriickverwan- 
delt und in der Vakuumdestillation in einzelne Fraktionen zerlegt. Bei der Besprechung der 
grosstechnischen Apparaturen werden detaillierte Angaben gemacht. Die Anwendungsgebiete 
fir die Fettsiurefraktionen werden angegeben, von denen die Herstellung von Seifen, Wasch- 
mitteln, Weichmachern und synthetischem Fett bemerkenswert sind. 


1. Usersiick DIE 
ENTWICKLUNG DES VERFAHRENS 

Die Oxydation von paraflinischen Kohlenwasser- 
stoffen, d.h. solchen, die zu wenig (parum atflinis) 
fir chemische Reaktionen geeignet sind, ist ein 
altes Problem, keineswegs ist seine Bearbeitung 
erst durch die beiden Weltkriege veranlasst 
worden. Schon 1884 hat Schaal den Vorschlag 
gemacht, Parafline mittels Luft zu Fettsduren zu 
oxydieren, wenn auch sein Vorschlag — wie er 
selbst spater zugab — noch nicht so reif war, dass 
er technisch verwertet werden konnte. 

Es wiirde zu weit fiihren, alle Forscher hier 
aufzufiihren, die sich um das Problem bemiht 
haben. Nur folgendes méchte ich erwahnen : 
Weitblickende Manner wie Bosch und Mittasch 
der Badischen Anilin und Soda Fabrik in Lud- 
wigshafen, die spater ein Werk der LG. Farben- 
industrie war, sahen fruhzeitig voraus, dass infolge 
der zwangslaufigen Entwicklung der Kohle — und 
Erdélverarbeitung grosse Mengen an Paraffin 
anfallen miissten, was spiter bei dem Fischer- 
Tropsch- Verfahren und der Kohle — und Schweel- 
teerhydrierung auch der Fall war und in noch 
grésserem Masse einmal der Fall sein wird, wenn 
die paraflinischen Erdéle (z.B. die Vorderasiens) 
sinnvoll aufgearbeitet werden. Es war deshalb 
zweckmassig, an eine chemische Verarbeitung des 
Paraflins zu gehen. 1921 begann in der B.A.S.F. 
die Forschung tiber die Paraflinoxydation; die 
Arbeiten wurden auch weitergefiihrt, als infolge 
der anormalen Wirtschaftslage 1929 und in den 
folgenden Jahren die Preise fiir natirliche Fett- 
siuren unter denen des Paraflins lagen. 

Dass auch ausserdeutsche Lander das Problem 
der Umwandlung von Paraflin in Fettsduren als 
wichtig ansahen, geht aus der Tatsache hervor, 
dass bereits 1931 die Standard Oil of New Jersey 
gemeinsam mit der I.G. Farbenindustrie in Baton 


Rouge im Staate Louisiana (U.S.A.) eine Versuch- 
sanlage errichteten, in der taglich 3 t Paraffin 
verarbeitet wurden. 

Als bei dem Fischer-Tropschverfahren, nach 
dem bekanntlich Kohlenoxyd plus Wasserstoff 
katalytisch zu Kohlenwasserstoffen (hauptsach- 
lich Benzin und Dieselél) umgesetzt werden, auch 
der sogennante Paraflingatsch als Abfallprodukt 
anfiel, der erst durch Kracken in niedere Produkte 
eine Verwendung finden konnte, begannen auch 
andere deutsche Firmen, sich intensiv mit dem 
Problem zu beschaftigen ; wir nennen Imhausen 
Witten, Henkel Diisseldorf und Hubbe-Fahren- 
holtz, Magdeburg. Das Problem ist dann soweit 
geférdert worden, dass 1937 die erste gross- 
technische Anlage., die Deutschen Fettsdure 
Werke (DFW) in Witten, mit einer Verarbeitungs- 
kapazitat von 40000 jato Paraflin in Betrieb 
gesetzt werden konnten. In demselben Jahre 
schlossen sich die Partner der DFW, Henkel 
Diisseldorf und Imhausen ‘Witten, mit der LG. 
zu einer Verfahrensgesellschaft zusammen. 

Kinige Jahre danach hat die LG. eine Anlage 
in Ludwigshafen-Oppau mit der Verarbeitungs- 
kapazitat von 20000 jato Paraflin und noch etwas 
spiter eine ebenso grosse in Heydebreck Ober- 
schlesien in Betrieb genommen. Hubbe-Fahren- 
holtz hat ein Werk in Magdeburg errichtet, das 
aber noch nicht produzierte. Die Tabelle gibt 
Ihnen die wahrend des letzten Krieges giiltigen 
Zahlen fiir die Paraflingewinnung und fiir die 
Paraflinverarbeitung auf Fettséuren an. 


Paraffin- Erzeugung 
Zeitz (Braunkohle T.T.H. 

Hydrierung) 
Fischer Anlagen (Synthese) 50-60,000 
Misburg (Erdél) 6,000 


50,000 jato 
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Paraffin- Verarbeitung auf Fettsduren 
DFW (Witten) 40,000 jato 
(Ludwigshafen-Oppau) 20,000 ,, 
1.G, (Heydebreck) 20,000 ,, 


Zur Zeit sind wegen der niederen Preise der 
natirlichen Fettsauren und der hohen fiir Paraffin 
die Anlagen in Westdeutschland stillgelegt, die 
DFW-Anlage lief noch bis Anfang 1953. In 
Ostdeutschland ist in Rodleben nach dem Kriege 
ein Werk errichtet worden, das sich noch im 
Betrieb befindet. 

Wir kommen jetzt zu der Besprechung der 
Verfahrens, wie es im grossen ausgeiibt wurde. 


2. Wau. pes AUSGANGSSTOFFES UND SEINE 
EVENTUELLE VORBEHANDLUNG 


Wenn hauptsachlich die Gewinnung von Seifen- 


fettsiuren C,,—C,, beabsichtigt ist, werden 
Parafline mit Schmelzpunkt von etwa 38-52°C 
verwendet, die mittlere Kettenlange liegt bei 
und Cy, ; 


waren die Anteile, die zwischen 350 und 430 


ihnen zwischen C,, am vorteilhaftesten 

(auf Normaldruck bezogen) sieden, doch ware 

diese Fraktion haufig mengenmassig zu gering. 

Geeignete Parafline fallen an : 

1. bei dem Fischer-Tropsch-Verfahren, namlich 
der bereits erwihnte rein paraflinische und 
schwefelfreie Gatsch mit Schmelzpunkt von 
etwa 38° und Siedebereich 320-450°C. 

2. bei der Tief-Temperatur-Hydrierung des 
Braunkohlenschwelteeres (T.T.H. Verfahren) 
ein etwas héher molekulares Paraffin mit 
Schmelzpunkt 52°C ; Kettenlinge C,, — C,,. 

8. bei der Aufarbeitung des Erddles. 

Die Parafline sollen méglichst viel geradkettige 
Kohlenwasserstoffe und méglichst keine oder nur 
geringe Mengen Naphtene, Aromaten und Olefine 
enthalten. Inhibitoren fiir die Oxydation wie 
Phenole sollen fehlen, der Schwefelgehalt soll 
unter 0-01°%, liegen. Die Dichten bei 70° der fiir 
die Oxydation geeigneten Parafline betragen 
0-765-0-770, je nach Durchschnittskettenlange, 
mit der sie steigen. Nicht ganz reine Parafline 
kénnen vorher physikalisch (durch Ausschwitzen, 
Behandlung mit selektiven Lésungsmitteln) und 
oder chemisch (durch Hydrierung, Behandeln mit 
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Schwefelsaure, Aluminiumchlorid und Bleicherde) 
fiir die Oxydation geeignet gemacht werden. 


3. OXyYDATION DES PARAFFINS ZUM 
OX YDATIONSGEMISCH 
Diese Reaktionsstufe ist die wichtigste des ganzen 
Verfahrens. Je vollkommener sie gestaltet zu 
werden vermag, desto einfacher kénnen die 
spateren Reaktionsstufen durchgefiihrt werden, 
und desto besser ist die Gesamtausbeute und die 
Qualitat der Endprodukte. Wir werden deshalb 
die Oxydation besonders eingehend besprechen. 


(a) Verfahren 

Die Reaktion : 
stoff — Fettsiure wird ausgefiihrt, indem Luft 
bei Temperaturen von 100-120° durch flissiges 


Paraffin molekularer Sauer- 


Paraflin in Gegenwart eines Katalysators z.B. 
Kaliumpermanganat langere Zeit (6-24h) hin- 
durch geleitet wird. Die Reaktion springt 
gewohnlich nicht gleich, sondern erst nach einer 
gewissen Induktionszeit an. Dauert diese lange, 
etwa mehrere Stunden, so ist dies ein Zeichen 
dafiir, dass das Paraflin nicht ganz rein war. 
Kine fiir die Oxydation geeignete Laborapparatur 
zeigt die Abb 1. 

Die Bruttoreaktionsgleichung fiir z.B. C,,H,, 
ist : 


{ Chey - 200 kcal 


In einem Paraflinmolekiil nehmen an irgend 
einer Stelle 2 benachbarte CH,-gruppen Sauer- 
stoff auf, das Molekil bricht zwischen beiden CH, 
gruppen auseinander unter Bildung von 2 Fett- 
siuremolekilen, ferner tritt 1 Molekil Wasser 
auf. Es entstehen geradzahlige wie ungeradzahlige 
Fettsauren und zwar in etwa gleicher Menge. Die 
natiirlichen Fettsiuren sind gewéhnlich gerad- 
zahlig und geradkettig, in den letzten Jahren ist 
aber nachgewiesen worden, dass in der Natur 
auch ungeradzahlige und sogar verzweigte Fett- 
sduren vorkommen. Die Oxydation ist natiirlich 
exotherm, es entstehen pro Mol etwa 200 kcal. 

Man kann auf Grund der bisherigen Versuche 
sagen, dass die CH,—vor den CH, — gruppen 
bevorzugt vom Sauerstoff angegriffen werden und 
dass sie dabei etwa gleichwertig sind. Ob feinere 
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KUMLER FUR THERMOMETER 


DIE SIEDE- 
FLUSSIGKEIT 


LUFTAUSTRITT 


OAMPFRAUM 


POROSE PLATTE 


BEHALTER FUR 
DIE SIEDE 
FLUSSICKEIT 


LUFTEINTRITT 


Abb. 1. Glasoxydator. 


Unterschiede zwischen den CH, — gruppen beste- 
hen, ob insbesondere bei niederem Oxydations- 
grad die mehr mehr am Rande stehenden starker 
begiinstigt sind, wie Pardulhin gefunden zu haben 
glaubt, oder ob — was wahrscheinlicher ist — gerade 
das Gegenteil der Fall ist — ist vom wissenschaft- 
lichen Standpunkt eine interessante Frage. Sie 
kann nur entschieden werden, wenn ein einheit- 
licher Kohlenwasserstoff — als \usgangsstoff 
gewahit wird und wenn noch exakter gearbeitet, 
insbesondere destilliert wird, als Jantzen und wir 
es getan haben. 

Da aber auch die entstehenden Fettsduren vom 
Sauerstoff angegriffen werden, bilden sich soge- 
nannte tberoxydierte Produkte, wie Oxysiuren 
und Laktone. Ein ungefahres Mass fiir die Menge 
dieser unerwiinschten Produkte stellt der im 
Petrolather unlésliche Anteil der Rohfettsduren 
dar. 

Es hat sich gezeigt, dass fiir die Gewinnung 
mdglichst guter Fettsiuren folgende 4 Bedin- 
gungen notwendig sind : 


1. gute Verteilung des Luftstromes. 


Abbruch der Oxydation bei einem Oxyda- 
tionsgrad, der nicht héher als 40°,, liegt ; er 
betrigt im Betrieb bei niedermolekularem 
Paraflin (Gatsch) 30-35°,. bei héhermole- 
kularem (T.T.H.-Paratlin) 35-40°,. Das 
erhaltene Oxydationsprodukt also ein 
Gemisch ; es besteht aus einem verseifbaren 
Anteil (Sauren, Ester u.s.w.) und einem 
unverseifbaren (Paraflin und nicht bis zur 
Saure oxvdierte Produkte wie Alkohole, 
Ketone). 

Anwendung nicht zu hoher Oxydations- 
temperaturen, nimlich solcher von 100-120 
(150° ist schon viel zu hoch!) Die Wichtig- 
keit der Bedingungen 2 und 3 geht aus der 


Abb. 2 hervor. 
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Abb. 2. Einfluss der Temperatur und des Oxydations- 


grades auf die Bildung von Petrolitherunloslichem in der 
Rohsiure. 


Verwendung geeigneter Katalysatoren, die 
nicht nur die Oxydation  beschleunigen, 
sondern auch die Qualitat der entstehenden 
die Ausbeu- 


Sauren und — was daraus folgt 


ten verbessern. 


Als gute Katalysatoren haben sich Verbin- 
dungen des Mangans im Gemisch mit solchen der 
Alkalien gezeigt. Kobaltverbindungen haben 
ebenfalls stark beschleunigende Wirkungen, liefern 


aber Fettsiuren von minderer Qualitat. Am 
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besten erwies sich bisher Kaliumpermanganat. 
Wie stark die Wirkung dieses Katalysators von 
der Temperatur abhangt, zeigen folgende Befunde: 
Bei niederen Oxydationstemperaturen ist er von 
giinstigem Einfluss, etwas oberhalb 135° jedoch 
von nachteiligem auf die Qualitat der entstandenen 
Fettsiuren; bei tieferen Temperaturen be- 
schleunigt er stark die Ox ydationsgeschwindigkeit, 
gar nicht. In diesem 


bei héheren wenig oder 
Zusammenhange ist auch folgendes interessant 

Bei den von uns angewendeten Oxydations- 
bedingungen, also mit Kaliumpermanganat, war 
unter 120° die Oxydationsgeschwindigkeit fir 
Paratlin grésser als fiir Fettsiuren, oberhalb 160 
war das Umgekehrte der Fall. Doch kénnen sich 
die Verhialtnisse bei anderen Bedingungen, 
insbesondere bei anderen Katalysatoren andern. 

Ks sei noch erwahnt, dass mit fallender Oxy- 
dationstemperatur dic Menge des Kaliumper 
manganats zu erhdéhen ist: bei 110° betragt sie 
0-1-0-2°,, auf Paraflin bezogen, je nach Reinheit 
des Paraftins, 

Parduhn hat in einer umfangreichen Untersu- 
chung auch Dreistoffgemische gepruft und Man- 
gan-Blei-Natriumkatalysatoren vorgeschlagen. 
Unseres Erachtens haben diese keinen merklichen 
Vorteil gegeniiber Kaliumpermanganat; wir 
glauben aber, dass noch bessere Katalysatoren 
als dieser zu finden sind. 

Die Wirkung des Katalysators in Verbindung 
mit der Oxydations-temperatur ersieht man aus 
den Zahlen folgender Aufstellung : 


die Verseifung des Oxydationsgemisches wurde 1 
Stunde bei 150° durchgefiihrt. 

Der Einfluss des Reaktionsdruckes ist nicht 
gross; eine Steigerung von 1 at auf 100 at ver- 
doppelt etwa die Reaktionsgeschwindigkeit. Es 
ist aber zu beriicksichtigen : die Verhaltnisse sind 
in beiden Fallen nicht gleich, da beim Oxydieren 
unter Druck das gebildete Reaktionswasser zum 
gréssten Teil im Oxydationsgefass bleibt und 
nicht wie beim drucklosen Oxydieren mit der 
Abluft fortgeht. Dieses Wasser lagert sich unter 
das Paraflin, entzieht diesem nach und nach den 
Katalysator, so dass der wahre Einfluss des 
Druckes viel grésser sein kann, was bei der 
Verwendung organischer, wasserunléslicher Kata- 
lvsatoren in Erscheinung treten wiirde. 

Die Oxydationsgeschwindigkeit steigt mit der 
Erhéhung des Luftdurchsatzes, bis dieser einen 
Grenzwert erreicht, tiber den hinaus eine’ Ver- 
grosserung der durch das Paraflin geleiteten 
Luftmenge zwecklos ist. Dieser Grenzwert hangt 
von den Reaktionsbedingungen ab (Temperatur, 
Druck, Katalysator, Apparategrésse, Hohe der 
Paraflinschicht und Luftverteilung). Er betragt 
in unserer gross-technischen Anlage 50 m*/h, t 
Paraflin und ist bei den Laboratoriumsversuchen 
naturgemass grosser. 

Die Ausniitzung des Sauerstoffs betragt ca. 


90%. 


(b) Reaktionsmechanismus 


Der wirkliche Reaktionsmechanismus der Oxy- 


Fettsdure Destillationsriickstand 


Oxydations- Katalysator Oxydationszett ( Fraktion C, oberhalb 280° /3 mm 
temperatur S.Z. V.Z. E.Z. ( Pech) 

TRS ¢ 0-3°, K Mn O, 25 Tage 246 263 17 11% 

110 0-2% K MnO, 2th 244 265 21 14% 

135 0-1°, K Mn O, 8h 240 271 31 20% 

160 0-1% NagCO, 6h 238 275 37 30% 


Da Na,CO, die Produkte  verbessert, die 
Oxvdationsgeschwindigkeit aber  verlangsamt, 
waren in der untersten Reihe ohne Na,CO, die 
Zeit noch kiirzer und die EZ und der Riickstand 
noch grésser. Die 4 Oxydationen erfolgten 
einheitlich bis zu einem Oxydationsgrad von 38°,, 


dation von Paraffin zu Fettsduren ist bis jetzt 
noch nicht vollstandig geklart. Das kann auch 
nicht verwundern, ist doch unsere Oxydation eine 
der kompliziertesten. Nur wenige Oxydationen 
von Kohlenwasserstoffen sind aufgeklart, restlos 


vielleicht keine. Soviel scheint gewiss zu sein, 
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dass auch bei der Oxydation von Paraflin wie 

bei vielen anderen Autoxydationen, Radikale, 

Peroxyde und Kettenreaktionen wesentliche Rollen 

spielen. 

Auf Grund vieler in der Literatur veréffent- 
lichter und eigener Versuche, bei denen Kohlen- 
wasserstoffe insbesondere Tetrahydronaphthalin 
(Tetralin) und Cyclohexan mit molekularem 
Sauerstoff oxydiert wurden, hat Langenbeck ein 
Reaktionsschema fiir die Oxydation von Kohlen- 
wasserstoffen aufgestellt, das die Wichtigkeit 
zwischengebildeter Ketone betont. Wir messen 
diesem Schema grosse Bedeutung bei, haben wir 
doch selbst schon frihzeitig vermutet, dass die 
Fettsdurebildung zu cinem grossen Teil tiber die 
Ketone geht, und zwar aus folgenden beiden 
Grinden : 

(1) die CO.Z, ist im Oxydationsprodukt recht 
bedeutend ; 

(2) unabhangig von den Arbeiten tber Paraflin- 
oxydation wurde in dem Ludwigshafen- 
Oppauer Ammoniaklaboratorium das schéne 
Verfahren der Oxydation von Ketonen mit 
Mangansalzen zu Fettsauren gefunden : 

Ketonoxydation : R,CH,COCH,R, + 14 O, 

> R,COOH + R,CH,COOH 
oder COOH R,COOH 


langenbecksches Schemna 


Hydroperesyd 
2) cH, ®, - CH, 4,0 
- Keton 
- an 
3) cM, a, > R, a, 
Keton a Metohydroperosyd 
Ketohydroperoryd Savre + Aldehyd 
Se) - C OOW 
Aidehyd Persaure 
- ~ 
OOH + CR, - COW + OW 
+ Aldehyd 2 Sévuren 


Die Reaktionsfolge 1-5 gibt also wieder, was 
wir gefunden und aus der friiher angegebenen 
Bruttogleichung ersehen haben ; es entstehen aus 
1 Mol Kohlenwasserstoff 2 Mole Fettsduren, was 


am besten aus 1-4 zu ersehen ist. 

Auch der Sauerstoffverbrauch 24 O, stimmt 
natirlich, da Gleichungen 5a + 5b fiir Aldehyde 
gelten und mit Ricksicht auf Gleichung 4 der 
fiir diese Reaktion verbrauchte Sauerstoff nur 
zur Halfte eingesetzt werden darf. 

Wenn auch die Reaktionsfolge 1-5 aller Wahr- 
scheinlichkeit nach die Hauptreaktion fiir die 
Oxydation von Paraflin bei tiefen Temperatiren 
darstellt, so miissen doch noch andere Reaktionen 
auftreten; denn durch Gl. 1-5 ist nicht die 
Bildung von Estern, primaren und sekundaren 
Alkoholen, die wir finden, erklart. Wie nach 
Gl. 5b die Persaure auf ein Aldehyd einwirkt, 
kénnte sie natirlich auch mit einem Keton 
reagieren, was bei anderen Kohlenwasserstoffen 


6) 8, COOH + + R, COCR, 
Persdure + Keton Saure Ester 
nach versefung Zersetz R,COM + HOER 


Saure + primarer Alkohol 


We ene Persaure auch en Hydre perosryd mit emem Keton 
reog:eren 


CR =- R,CR, © R,COTR, 
setundarer Alkohol + Ester 


als Paraffin auch schon gefunden wurde : 

Da die E.Z. des Oxydationsproduktes mit 
steigender Oxydationstemperatur wachst, miisste 
die Zunahme der Geschwindigkeit der Reaktionen 
nach Gl. 6 u. 7 bei héheren Temperaturen grésser 
sein als die der Reaktionsfolge 1-5. 

Schhesslich kénnte entsprechend der Zersetzung 
des Ketohydroperoxyds nach Gl. 4 auch eine 
soleche des Hydroperoxyds eintreten. 


Zersetzuna des 


Aiderud + primérer Alkohel 

Danach kénnten primaire Alkohole auch ohne 
vorherige Bildung von Estern entstehen. Es sei 
hier darauf hingewiesen, dass die oben angege- 
benen Reaktionsgleichungen Bruttoglei- 
chungen von Reaktionskomplexen darstellen, dic 
sich aus mehreren Reaktionen — Bildung von 


Radikalen, Peroxyden u.s.w. — zusammensetzen, 
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Kine Aussage, ob tiberhaupt das Langen- 
becksche Schema die bei der Paraflinoxydation 
sich abspielenden Reaktionen wiedergibt und wenn 
ja, in welchem Masse die einzelnen Reaktionen 
vor sich gehen, kann nur auf Grund von einge- 


henden Untersuchungen gemacht werden. 


(c) Technische Ausgestaltung der Orydation 

Vorweg méchte ich bemerken, dass ich bei der 
Beschreibung der grosstechnischen Apparaturen 
absichtlich viele technische Einzelheiten gebe, 
weil ich annehme, dass in diesem Kreise hierfiir 
Interesse besteht. Im Grossen wird die etwa 
15-30h dauernde Oxydation mit 
Regler hergestellten Mischung von Frisch- und 


einer durch 
Riickparaflin (auf letzteres kommen wir bald zu 
sprechen) sowie konzentrierter Kaliumperman- 
ganatlésung in runden Tiirmen aus Aluminium 
(sogenannten Oxydatoren) chargenweise bei etwa 
110° vorgenommen. Es hat sich bewahrt, diese 
Mischung in einem besonderen Rihrgefiss kon- 
tinuierlich durchzufihren. (Kaliumpermanganat 

0-1-0-2%, des Paraflins) und die 
fliissig in die Oxydatoren einzufiillen. 


Mischung 
Diese 
haben Héhen von 8-5-10-5 m, Durchmesser von 
11-28 t 
Paraflin. Zwecks Abfiihrung der Reaktionswarme 
sind die Ofen mit Kihlschlangen aus Aluminium 
kleinsten Ofentyp 11m? 

Oppau hat man die 
durch 
Da es unter Umstanden 


1-85-26 m und Fassungsvermégen von 


versehen, die beim 


Kihlflache 
Reaktionswarme 


haben; in 
auch Berieselung der 
Aussenwand abgefihrt. 
erforderlich ist, zu heizen, befinden sich im 
unteren Teil der Oxydatoren Heizschlangen und 
zwar aus Edelstahl. Der obere Teil des Oxydators 
war im Hinblick auf die korrodierenden Eigens- 
schaften der Abluft zuerst ebenfalls aus Edelstah! 
angefertigt, doch ist diese Vorsicht nicht nétig, 
99-5%, Die fiir die 
Oxydation erforderliche Luft (wie bereits erwahnt, 
fiir 1t Mischparaflin 50 m*/,) wird durch eine 


iges Aluminium geniigt auch. 


Reihe von Geblaisen mit Einzelleistungen von 
6000-12000 m*/, auf etwa 0-6 at Uberdruck 
verdichtet. Die Luft wird durch kappenférmige 
Fritten aus keramischem Material fein verteilt, 
die auf einer sternférmigen Unterlage angebracht 
Die Zeichnung gibt Einzelheiten und die 
kleinsten Ofentyp. 


sind. 
Grdéssenverhaltnisse beim 


(Abb. 3). 
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Abb. 3. Techn. Oxydator (Kleinster Typ.). 


Die aus dem Oxydator oben austretende noch 
flichtige Bestandteile enthaltende Luft wird in 
Kihlern aus Edelstahl abgekihlt, dabei entstehen 
zwei Produkte: ein 
Kiihlerél, (7°% vom umgesetzten Paraffin) und 


dliges, das sogenannte 


“0 


ein wissriges, das Kihlerwasser niedere 
Fettsduren in 30°, wassriger Lésung). In beiden 
sind Stoffen wie 
Alkoholen vor allem niedere Fettsauren enthalten, 


deren Gewinnung méglich ist. Es sei bereits hier 


neben anderen organischen 


erwahnt : das Kihlerél wird zweckmassigerweise 
zusammen mit dem Oxydat aufgearbeitet ; aus 
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dem Kihlerwasser kénnen mit Loésungsmitteln 


niedere Fettsduren — insbesonders (meisen-, 
Essig und Propionsaure - extrahiert werden 
(Taf. I). 


Die unangenehm riechende Abluft, welche 
Kohlensaure. Kohlenoxvd und ca, 200 kg leicht 
flichtige Bestandteile (auf 1 t umgesetztes Paraf 
fin bezogen), enthalt, kann entweder  eimer 
Kesselfeuerung zugefiihrt oder bei Temperaturen 
um 600° tiber manganhaltige Katalvsatoren 
geleitet werden; dabei werden die organischen 


Bestandteile verbrannt. und die Abluft wird 


weitgehend geruchlos Es ist natirlch zu 
erstreben. auch diese Stoffe (zum Teil nmiedere 


Aldehyde) nutzbar zu machen, denn die Verluste 
betragen 10°, und mehr. Die Nutzbarmachung 
ist bis jetzt noch nicht erfolgt. 

Ich méchte noch erwahnen, dass wir uns auch 
bemiiht haben, die Oxvdation kontinwerlich zu 
gestalten, doch waren die Ergebnisse imsofern 
nicht ganz zufriedenstellend, als die Qualitat der 
Endprodukte etwas schlechter war als bet 
nichtkontinuierlicher Arbeitsweise. Wir zweifeln 
nicht. dass man bei intensiverer Bearbeitung 
dieses Problems, als wir sie uns erlauben konnten, 
Erfolg haben wird. Der Vorteil wirde meht nur 
in der einfacheren Arbeitsweise bestehen, die neue 
Oxydationsapparatur wurde auch ein Moglich 
keit geben, in den einzelnen Apparaturabschnitten 
verschiedene Reaktionsbedingungen insbesondere 
verschiedene Reaktionst« mperaturen autre cht zu 
erhalten, um dadurch Qualitat und Ausbeute zu 
verbessern. Das ware besonders wertvoll, wenn 
eine weitere Aufklarung des Reaktionsmechanis 
mus eine Aufteilung der Oxydation in mehrere 
Stufen geradezu erfordert. 

Wenn im Chargenbetrieb das oxydierte Paraftin 
eine S.Z. von 70-75 erreicht hat, (die V.Z. ist dann 
120-130) was etwa der Umwandlung von 4 
Paraffin in Fettsauren entspricht, wird die Luft 
abgestellt und das im Oxydator befindliche Pro 
dukt heiss in dem Sammelbehalter abgelassen. 
Das aus Paraflin durch die eben beschriebene 
partielle Oxydation ¢ rhaltene Oxydationsprodukt 
ist ein Gemisch, es besteht wie bereits erwahnt 
aus cinem verseifbaren Anteil, den Fettsauren in 
freier und gebundener Form (Ester. Laktone 


u.dgl.) und einem unverseifbaren Anteil, der 


sich aus anoxvdiertem Paraflin (Alkohole, Ketone) 


und unangegriffenem zusammensetzt. 


a AU FARBEITUNG DES OXYDATIONSGEMISCHES 
UND RUCKPARAFFIN 


Es ist bisher noch nicht gelungen, das Oxydations 
gemisch auf physikalischem Wege trennen ; 


man muss chemische Verfahren benutzen. 


(a) Waschen des Orydationsgemisches 


Das Oxydationsgemisch wird aus dem Sammel 
behalter zweckmissigerweise nicht am Boden, 
sondern mindestens aus 10 em abgepumpt, 
da sich im unteren Teil des Behalters im Laufe 
der Zeit cin Schlamm absetzt, der etwa 4 des mit 
dem Kaliumpermanganat zugefiihrten Mangans 
in Form unléslicher Verbindungen enthalt. Zuerst 
wird das Oxvdationsgemisch zwecks Entfernung 
der wasserléslichen nmederen Fettsauren und emer 
weiteren Menge Katalvsator im Gegenstrom mit 
Wasser gewaschen. Dies geschieht in ca, 12 m 
hohen Waschern bei 80-90°, der Eintritt des 
Oxydats erfolgt im unteren Teil durch eine rost- 
artige Lochplatte, iiber der sich eime ca, 10m 
hohe Fillschicht aus Raschigringen befindet. Von 
oben wird dem aufsteigenden Oxydat warmes 
Wasser entgegengefihrt, die angewendete Wasser 
menge  betragt 10-15°,, des durchgeleiteten 
Oxydats. Es ist zweckmiassig, bei Oxydaten aus 
niedermolekularem Paratlin wie Fischergatsch, 
die obere Grenze einzuhalten, weil sie mehr 
niedere Fettsiuren als Oxydate aus hochmole- 
kularem Paraflin wie T.T.H. Paraflin enthalten, 
bei denen die untere Grenze geniigt. Es hat sich 
nicht bewahrt. das Wasser mehrfach zum Waschen 
zu benutzen, da Wasser mit grossem Gehalt an 
niederen Fettsauren auch erhebliche Mengen 
héhermolekularer Fettsauren lést. 

Bei der Wasche von Oxydaten aus Fischer- 
Gatsch enthalt das ablaufende Wasser ca 8°, 
niedermolekulare Sauren, von solchen aus T.T.H. 
Paraflin ca. 6°, Das Oxydat nimmt ca. 1°, 


asser auf, 


(b) Verseifen des gewaschenen Oxydationsgemisches 


und Abtre nnen des Uni erste ifbaren | (CV 1) 
Das  gewaschene Oxydationsgemisch wird 


dem Verseifungskessel zugefihrt (Abb. 4 und 
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Taf. I. Oxydatoren zum Umwandeln des Paraflins in 


Oxvadationsgemisch. 


(4) Oxydationstiirme aus Reinaluminium ; Hauben aus 

siurebestiindigem Stahl (¢) Fris« hluftzufiihruny : (d) Ab- 

luftleitung ; (¢) Kiihler fiir Abluft aus sdure bestiindigem 

Stahl und Abscheider von Kiihler6l und Kiihlerwasser : 

(f) Regelventile fiir Frischluft und Kiihlwasser : (g) (im 
Hintergrund) Messwarte. 
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Taf. I. Verseifer zum Umsetzen der Fettsiuren des Oxvdationsgemisches in Seife. 


(a) Reaktionsgefiiss aus Ki 


(c) Zufiihrungsleitung fur 


Taf. I. Abdampfofen 


ia) Ofen: (b) Wirmea 


Heizgasumwialzer 


sen (>) Zufihrungsleitung fiir Oxyvdationsgemisch ; 


fur 


(d) 
(J) 


Dampfzuleitungen : 


Briidenrohr. 


(¢) 


zum Abdampfen des Unverseifbaren 


veschmolzenen Rohseife. 


ustauscher ; 


Kihlwassreablauf ; 


Rohrenkiltler ; 
(f) Kondensatablauf. 


Regelventile 


Ill von der 


Motor fiir den 
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Abb. 4. Verseifer. 


Taf. IT). Der aus Eisen bestehende Versei- 
fungskessel hat einen Gesamtinhalt von 40 cbm. 
Die Verseifung kann ausschliesslich mit Natron- 
lauge erfolgen; man kann aber auch zuerst die 
Neutralisation der freien Fettsauren (entsprechend 
der S.Z.) mit Sodalésung (30°,), (wobei man fiir 
die Abfiihrung der entstehenden Kohlensaure 
sorgen muss) und dann die Verseifung der Ester 
mit Natronlauge (35-40°,) vornehmen. Zur 
Verhinderung eines Angriffs der Fettsdiuren auf 
die eisernen Verseifer lisst man das Oxydat unter 
Rithren in die vorgelegte Lauge einfliessen. Die 
Verseifung wird bei etwa 95° ausgefiihrt. Die 
bei dieser auftretende Reaktionswairme wird mit 
Hilfe von Kihlschlangen von insgesamt 24 m* 
Kihlflache abgefiihrt. Die Rihrwelle tragt 2 
Blattriihrer, der Kessel enthalt 6 Prallbleche zur 
Erzielung einer geregelten Durchmischung. 
Wenn die Verseifung vollendet ist, wozu bei 
Chargenbetrieb etwa 1-2h notwendig sind, wird 
der Riuhrer stillgelegt. Es scheidet sich das 
sogenannte Unverseifbare I (UV I) tiber der 
Seifenlésung ab, was je nach Beschaffenheit des 


Paratlins } bis mehrere Stunden dauert. Das UV I 
wird dann abgelassen und wird (zweckmissiger- 
weise nach vorheriger Wasche, um Seifenreste zu 
entfernen, die die Oxydation verzégern wiirden) 
durch Regler zusammen mit den spater zu_ be- 
sprechenden UV II und UV III dem Frischgatsch 
zugemischt ; das ganze Riickparaflin wird also 
der Oxydation wieder zugefibhrt. 

Die Seifenlésung enthalt noch ca. 30-35%, 
unverseifbare Anteile und ca. 30°, gebundene 
Fettsauren. 

Das Verseifen des Oxydats ist in den Fett- 
siurewerken Ludwigshafen-Oppau und Heyde- 
breck der LG. kontinuierlich vorgenommen 
worden. Hierbei werden Oxydat und Natronlauge 
in berechneten Mengen laufend zugefiihrt und die 
entsprechende Menge Verseifungsgemisch laufend 
abgezogen. Die Alkalitaét der Seifenlésung wird 
mit Hilfe einer pH Elektrode verfolgt, die 
Regelung des Laugezufluss kann auch durch 
geeignete Apparate vorgenommen werden. Die 
Abtrennung des UV I erfolgt entweder in nach- 
geschalteten Absitzbehaltern oder zweckmiassiger- 
weise zusammen mit der des UV II in einem 
Autoklaven, auf den wir gleich zu sprechen 


kommen. 


(c) Entfernung des UV Il im Autoklaven, Abdes- 
tillieren des UV Ill im Abdampfofen unter 
gleichzeitiger Verringerung des Estergehaltes 
der Fettsduren 

Die vom UVI befreite Seifenlésung wird durch 

eine Kolbenpumpe auf einen Druck von 25-40 at 

gebracht und nach Passieren eines Vorheizers, 
der in dem spater zu besprechenden Abdampfofen 
liegt, kontinuierlich einem Autoklaven in halber 

Hihe zugefiihrt. Der Gesamtinhalt des Auto- 

klaven betrigt ca. 7 m*, die Temperatur wird 

auf 170° und héher gebracht. Die Verweilzeit 
der Seifenlésung im Autoklaven ist etwa 1}";_ es 
scheiden sich noch 25°, des gesamten Unverseif- 

baren ab. Bei laufendem Betrieb bildet sich im 

unteren Teil eine klare Seifenlésung, im oberen 

eine Schicht von Unverseifbarem, in der Mitte 
schwebt eine emulsions-artige Zwischenschicht. 

Das Abziehen des UV II erfolgt durch einen 

Stutzen am Oberteil des Autoklaven, das Abzei- 

hen der Seifenlésung am Boden. Man kann sich 
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Anzeigevorrichtungen bedienen, die den Stand den Vorheizers mit Rippen versehen sind; die : 
der einzelnen Schichten bestimmen; es geniigt Rohre haben cinen Durchmesser von 8 bzw. 4 
aber auch, die abgehenden Mengen von Seifen- 6 em und sind aus Sichromal, einer Chrom-Eisen- 
lésung und UV II laufend zu messen. Legierung, gefertigt. Das Mauerwerk des 

Die jetzt von UV I und UV II befreite Seifen- Abdampfofens besteht aus einer Ziegelmauerung, x 
késung geht in den Abdampfofen, der cine Art einer Isolier — und einer Schamotteschicht (Abb. 5 2 


Pipe-still darstellt. In diesem durchwandert die 
Seifenlésung zuerst etwa 100 miteinander ver- 
bundene Rohre, die eine Gesamtlange von ca. 250 m 
haben. Sie werden von umgewalzten Heizgasen 
derart beheizt, dass die Seifenlésung cine Tem- 
peratur von ca, 320-350° annimmt. Diese geht 
dann in eine Verdampferblase, in der sich das 
dampfférmige UV I11-Wasser-Gemisch von der 
geschmolzenen sogenannten Rohseife trennt. Um 
diese Trennung mdglichst vollkommen zu errei- 
chen, wird eventuell in das beheizte Rohr und in 
die Verdampferblase von unten noch Wasser- 
dampf_ eingeleitet. Das in nachgeschalteten 
Kihlern niedergeschlagene Gemisch von Wasser 
und UV III trennt sich, wobei— wenn nétig 

Zentrifugen verwandt werden kénnen. Es sei 
erwahnt, dass die Rohre des Abdampfofens wie 
die des in ihm liegenden zum Autoklaven fiihren- 


ZUM AUTOKLAVEN 


und Taf. 111). 

Die Heizgase werden durch ein auf ca, 400° 
befindliches Umwilzgeblase getrieben, die Tem- 
peratur der Heizgase im Ofen betrigt ca. 600°, 
sie darf nicht héher sein, weil sich sonst die 
Seife zersetzen wiirde. 

Im Abdampfofen werden die in der Seife 
enthaltenen Fettsauren wesentlich verbessert, 
was man an der Verringerung ihrer Esterzahlen 
erkennt. Dieser Vorgang wurde von uns 
nicht ganz zutreffend—als Delaktonisierung 
bezeichnet. 

Das Abdestillieren ist in der betriebenen 
Weise mit einem grossen Verlust —ca. 18°, 
verbunden, es entweichen auf 1 t Paraflinumsatz 
ca. 150kg unter gewéhnlichen Verhiltnissen 
nicht kondensierbare Gase wie Methan, Kohlen- 
oxyd und Kohlensaiure. Die gewahlte Verweilzeit 


VOM AUTOKLAVEN 
VOM WARMEAUSTAUSCHER = 


Abb. 5. Abdampfofen mit Destillationsblase, 


(a) Vorheizer, 


(c) Destillations-blase, 


(b) Pipe-still, 


(d) Umlaufgeblise. 
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Wierzen : Herstellung synthetischer Fettsdéuren durch Oxydation von Paraflinischen Kohlenwasserstoffen 


der fliissigen Seifen in der Destillierblase — 1 h — 
war wohl zu lang. 

Die Verluste kénnen sicher verringert werden, 
wenn das Verhalten der Seifen im Abdampfofen 
sorgfaltig studiert werden wiirde, was beabsich- 
tigt, aber in der Kriegszeit nicht durchzufiihren 
war. Vielleicht kann auch die Abscheidung des 
UV III und die sogenannte Delaktonisierung im 
wassrigen Medium vorgenommen werden, namlich 
in einem Autoklaven bei héheren Temperaturen 
als der, bei welcher der jetzige sich befindet. 

Die mit Hilfe einer Transportschnecke aus der 
Destillierblase des Abdampfofens flissig abgezo- 
gene Seife 
Verleimer gennant, mit Wasser bzw. konzentrier- 
ter Natriumsulfatlésung zusammengebracht. Die 


wasserfreie wird in einem Aufléser, 


zugesetzte Wassermenge ist so bemessen, dass ein 
Der Verleimer 
Er ist 
mit einer Kihlschlange ausgestattet, welche die 


ca. 40°, iger Seifenleim entsteht. 
hat einen Gesamtinhalt von etwa 3 m*. 


mit der fliissigen Seife eingebrachte Wirme so 
ableitet, dass die Seifenlésung eine Temperatur 
von 90° erhalt. Er besitzt ausserdem cin langsam 
laufendes Rihrwerk mit 40 Umdrehungen pro 
Minute. Alle Apparateteile sind aus Eisen, wenn 


nicht im Natriumsulfat — Kreislauf gearbeitet 
wird. In diesem Falle muss der Verleimer wegen 


des Gehaltes der Kreislauflésung an niederen 
Fettsauren und geringen Mengen Schwefelsaure 
Der Seifenleim tritt 
einem seitlich angebrachten Uberlauf aus und 
wird dem Zersetzer zugefiihrt (Taf. IV). 


ausgemauert werden. aus 


(d) Umwandlung der Rohseife mit Schwefelsdure in 
Rohfettsduren und Natriumsulfat (Abb. 6 und 
Taf. V) 

Die Seifenlésung geht in den Zersetzer mit etwa 

50 

sdure in Fettsduren und Natriumsulfat umgesetzt, 

wodurch die Temperatur auf 90-95° steigt. Die 
gesamte Verweilzeit im Zersetzer und im nachfol- 

Der 

ausgemauerter 


und wird hier kontinuierlich mit Schwefel- 


genden Absitzbehalter betrigt etwa 6h. 
Zersetzer_ ist zylindrischer 
Kessel mit einem konischen Unterteil von 38 m* 


ein 


Inhalt, sein Deckel ist ebenfalls mit einer Aus- 


mauerung versehen. Er hat dhnlich wie der 
Verseifer 6 Prallrippen und ein Rihrwerk, das 
mit V4A_ verkleidet ist. Die Schwefelsdure 
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Abb. 6. Zersetzer. 


wird durch ein kupfernes Rohr in den unteren 
Bei der Zer- 


Uberschuss 


Teil des Zersetzers eingefihrt. 


setzung wird ein geringer an 


Schwefelsdure verwendet, der bei der Arbeitsweise 


mit konzentrierter Natriumsulfatlésung sehr 
klein gehalten werden kann, da die in dieser 
enthaltenen niederen Fettsduren selbst eine 


Spaltwirkung besitzen. Der pH-Wert wird auf 
Die Rohfettsduren 
ihrer Destillation mit 12°, Wasser gewaschen, 
enthalten danach 3°, Wasser; 
Vortrockner bei 


3-0 gehalten. werden vor 


dieses wird in 

dem 35-50 

einem Vakuum von 35-40 mm Hg entfernt. 
In Abb. 


Gewinnung wasserfreien Natriumsulfates skizziert 


sogenannten und 


der 7 ist die Seifenzersetzung mit 
die fiir das Heydebrecker Werk vorgesehen und 
schon in technischen Versuchen erprobt war. Das 
Zersetzungsgemisch lauft heiss vom Zersetzer in 
das Trennungsgefass I, aus dem unten der mit 
einem Rihrwerk in Bewegung gehaltene Salzbrei 
und einer Siebschleuder zugefiihrt 
Rohfettsaure in 


abgezogen 


wird, wahrend oben die das 
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Abb. 7. Seifen etzer u. Natrium-Sulfat-Gewinnung. 
Trennungsgefass Il tiberlauft. Die sich in diesem 5. ZERLEGEN DER 
noch  absetzende Natriumsulfatlésung wird IN) FerrsAUREFPRAKTIONEN 
ebenso wie die in der Siebschleuder anfallende Die RohfettsAuren werden in einer geeigneten 
Lauge tiber cin Sammelgefiiss dem Verleimer Vakuum-Destillations-Apparatur aus Kdelstahl 


zugefilrt. 
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Die Rohfettsiure gelangt durch den in Vor-, Haupt-, Nachlauf und Rickstand zer 


Waschturm in das Trenngefiiss II], wo sich noch legt. Auf die besondere Zusammensetzung der 


kleine Mengen sauren Wassers absetzen. Das auf synthetischen Fettsdéure — Gehalt an nieder 


der Siebschleuder gewonnene Natriumsulfat wird, an hochmolekularen Sauren ist Riicksicht 
nachdem es mit wenig Wasser oder ciner Natrium nehmen. Die Zerlegung in einheitliche Sauren ist 
sulfatlisung gewaschen worden ist. in einem auch im Laboratorium schwieriger als bei 
Schnellumlauftrockner mit Luft von 150-2007 natiirlichen Fettséiuren, da in den synthetisehen 
getrocknet und in Abscheidern aufgefangen. die ungeradzahligen Sauren etwa in gleicher 
5 — 
r 
12 5 His +4,80m 
a ROWFETT 
WAC HL AUF HAUPT HAUPTL AUP VORLAUF SAURE 
bh i é b 
1. Einziehbehalter 6. Riickstandvorlage 11. Dampfstrahlapparat 
Vortrockner 7. Stossleistenkiihler Pechvorlage 
3. Destillierblase 8. Stossfilter 13. Zwischenvorlage 
4. Verstirker %. Destillatvorlage 14. Oberflachenkondensator 
5. Rohrenkiihler 10. Abscheidevorlage 15. Zentrifugalabscheider 


Abb. 8 Vakuum-Fettséure-Destillation. 
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Taf. IV. Aufléser zum Auflésen der geschmol- 


zenen Rohseife in Wasser. 
(a) AutlOsekessel : 
(b) Zufiihrung der geschmolzenen Rohseife ; 


UPP (c) Antrieb fiir die Schnecke im Zufihrer (b) ; 


954 (d) Motor fiir das Riihrwerk des AuflOsers ; 


(ec) Rihrwerkswelle 


(f) Briidenrohr ; 


(g) Zufuhr des Dampfes fiir die Erhitzung der 


Seifenlosung : 


Ablauf der SeifenlOsung. 


Taf. V. Zersetzer zum 
Umwardeln der Roh 
seife in’ Rohfettsaure 
mittels Schwefelsiure. 
(a) Siurefest 
mauertes  Reak 
tionsgefiiss 
Abfihrleitung der 
agyressiven 
den aus Jenaer 
Geriiteglas : 
Schwim mertopf, 
enthalt n 
Schwimmer zum 
Regeln des Ab 
laufes der Roh 


fettsiure. 
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Taf. VI. Destillationsanlage zum Zerlegen der Rohfettsiure in vier 
Fraktionen 
(a) Destillationsthase (>) Abfihrung der Fettsduredimpte 
(c) WKreisstossabscheider zum Abscheiden mityverissener, nicht 


lampfformivger Bestandteil 
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G. Wrerze. : Herstellung synthetischer Fettsiiuren durch Oxydation von Paraffinischen Kohlenwasserstoffen 


Kennziffern der Endprodukte u. °,, Gehalt ihres Anfalls (T.T 11. 


Paraffin) 


orlauf Vorlauf Hauptlauf Hauptlauf Nachlauf Riickstand 
Cy~ Cg Cy Cha Cis Cis ~ C20 ~ Cas 
324 245 195 167 60 
V.Z. 47 350 252 203 180 100 
E.Z. 7 6 7 13 
Unverseifb res Os 90 25 
Anfall 9-12% 15. 50°, 8% 13% 


Menge wie die geradzahligen vorhanden sind, 
worauf schon friiher hingewiesen wurde. In 
Witten wurden Destillationsapparaturen nach 
Lurgi, in Oppau und Heydebreck solehe nach 
Wecker verwendet. Die Abdestillation der 
Vorlaufsduren kann bei miassigem Vakuum ohne 
Wasserdampf erfolgen, die héheren Fettsiuren 
werden unter Zugabe von Wasserdampf bei 
einem Vakuum von 3-10mm Hg abdestilliert. 
Dieses wird durch Dampfstrahler nach dem 
Lurgiprinzip erzeugt. 

Die Destillationsapparatur nach Lurgi ist in 
Abb. 8 und Taf. VI gezeichnet. Die einzelnen 
Blasen werden mit Hilfe von Heisswasseréfen 
geheizt, die Temperatur des Heisswassers liegt 
etwa 15° tiber der Blasentemperatur; diese 


richtet sich nach dem gewiinschten Schnitt. 
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Abb. 9. Destillationsblase. 


Normalerweise liegt die Temperatur in der Blase 


des Vorlaufs bei 180°C 


Hauptlaufs 220-260°C 


Nachlaufs 


Kine Lurgiblase ist in der Abb. 9 skizziert. In 
den unteren Teil, den sogenannten Umwilzer, 
wird Dampf eingeblasen und dadurch ein dauern- 
der Kreislauf der Fettsiure bewirkt. Ein Teil 
der Fettsiure gelangt auch in den Ringraum, 
wird dort noch weiter ausdestilliert und fliesst 
dann in die nichste Blase. 

Die Tabelle gibt die 


aus T.T.H. Paraflin gewonnenen Endprodukte 


Kennziffern der 


und den Prozentgehalt ihres Anfalles (bezogen 
auf umgesetztes Paraflin) : 


Die erhaltenen und theoretischen Ausbeuten 


sowie die Verluste in den einzelnen Stufen finden 


sich in folgender Zusammenstellung : 


Ausbeute (auf umgesetates Paraffin berechnet) 


Ausbeute an Endprodukten (dest. Fettsiuren 


Riickstand) 73-80°%, 
niedere Fettsiiuren aus Kihlerwasser 6- 4% 
zusammen 79-84% 
Verluste 
Oxydation (in Abluft) 10°, u. mehr 
Waschen des Oxydats 4% 


Abdestillieren des UV UI (Abdampfofen) 18% 
Zersetzung der Seife u. Waschen der Rohséiure 2°, 


Destillieren 2% 


(Zahlen ungefahre!) 36°, u. mehr 
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Grosse Verluste, die sicher einmal verringert 
werden, treten beim Oxydieren und beim Abdamp- 
fen des UV III ein, worauf wir schon friher 
hingewiesen haben. 

Die synthetischen Fettsauren werden 
mannigfachen Verwendungszwecken zugefilrt, 
wir kénnen nur die hauptsichlichsten erwahnen : 
Die des Vorlaufs dienen zur Herstellung von 
Weichmachern fiir Kunst-und  Lackrohstoffe, 


ferner von Netzmitteln, Riechstoffen und Flota- 
tionsmitteln. Aus dem Hauptlauf werden Seifen, 
hochwertige Wasch- und Textilveredlungsmittel 
(besonders nach Hydrierung zu Alkoholen) sowiedas 
synthetische Speisefett gewonnen. Die Nachlauffett 
siuren dienen zur Erzeugung von Schmierstoffen 
und Gummihilfsprodukten. Aus dem Rickstand, 
den sogenannten hochmolekularen Fettséuren, 
werden Ausgangsstoffe fiir Lacke hergestellt. 


DISCUSSION 


M. Zvegintzov : (Nat. Res. Dev. Corp., London) 


1. Properties of synthetic fatty acids soaps: as late 
as 1948/49 they had a very unpleasant smell, which was 
communicated to the articles (including towels, etc.) 
washed. What are the reasons and can they be elimi- 
nated 

2. Physiological properties of synthetic fats : has any 
research take place on the mechanism of oxidation of these 
fats in the bodies of animals, including human beings 


The Author : 


1. The carriers of the unpleasant smell of the synthetic 
fatty acids are branched low fatty acids. Consequently, 
fatty acids from natural paraffins exhibit the un- 
pleasant smell to smaller extent than those from 
synthetic paraflins, because the latter are generally more 
branched than natural ones. If the fatty acid fraction 
for soap manufacture is cut more severely at the bottom 
than hitherto, so that it contains a minimum of fatty 
acids below Cj, which during and after the war was not 
possible owing to the limited amount of paraffinic base 
material, then, from natural paraffins one can make fatty 
acids and from these soaps which have lost much of their 
bad smell, 


2. The synthetic fat has for years been thoroughly 


examined by physiologists and chemists for its properties 
as edible fat, much more carefully than the hardened fat 
when it was introduced. More than 20,000 animal tests 
have been carried out with the synthetic fat; but its 
suitability was also carefully tested on man. The odd- 
numbered fatty acids occurring in the synthetic fatty 
acids are present in the same proportion as the even- 
numbered ones of which natural fatty acids mainly 
consist. A disputed point is only the branched fatty 
acids, which can be largely eliminated ; however, it is 
recommended to start from a paraffin with a chain that 
is as straight as possible. From the feeding experiments 
with synthetic fats on animals it can be definitely con- 
cluded that in animal bodies the oxidation mechanism 
of synthetic fats is the same as with natural fats. 


Dr. J. C. Viugter : (Kon. Shell-Lab., Amsterdam) 


1. When carrying out the oxidation of a paraffinic 
base material on a semi-technical scale according to the 
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process under review the discusser experienced the 
difficulty that the pores of the ceramic air distributors were 
filled in a rather short time with a resinous material, 
causing a rapidly increasing pressure drop. Has Dr. 
Wierze. encountered similar difficulties ? 


2. Would it not be preferable, in connection with the 
first question and the fact that it will be easier to divide 
small droplets of a liquid in a gaseous phase than gasbubbles 
in a liquid, to atomize the paraffin wax in an oxygen 
containing gas or to use a.film reactor ? 


The Author : 


1. We have never had any serious clogging difficulties 
with our air distributors, not even in technical operation. 
Obviously, they should not have too narrow apertures. 

2. We have so far had no reason to try the procedure 
suggested by Dr. Viucrer. We have not spent much 
time on it. It may, however, have certain advantages. 


Dr. G. H. Twigg : ( Distillers Co. Great Burgh, Epsom) 


We have found that the reaction 2 on page 22 of the 
paper is too slow to account for the rate of production 
of ketones in the oxidation of paraffins. 

Dr. Wierze.’s reaction scheme does not mention the 
role of the catalyst. I would suggest that, besides reacting 
with the hydroperoxide to form radicals which will 
increase the velocity of reaction, the catalyst can also 
react with RO-radicals to give alcohols, viz. : 


RO +M + H* ROH + Mr, 


The Author : 


The Langenbeck scheme will give an approximate picture 
of oxidation processes on a technical scale, and hence 
of the oxidation process in the presence of catalysts. 
Obviously, the scheme only gives overall reactions. The 
equation given by Dr. Twice for the formation of alcohols 
would seem quite acceptable. In our oxidation products, 
which , indeed, were obtained in the presence of catalysts, 
we have found both primary and secondary alcohols ; an 
accurate knowledge of these would certainly contribute 
to further elucidation of the mechanism of oxidation. I 
pointed this out in my original paper, which was later 
shortened. 
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The air oxidation of mixtures of benzene and cyclohexane to phenol 


M. B. Donatp and J. R. Grover 
Ramsay Laboratory of Chemical Engineering, University College, London 


Summary—tThe production of phenol by the air oxidation of benzene has been investigated and 
the effect of the addition of up to 30 mol. % cyclohexane to the benzene feed, determined. Results 


of experiments on the effect of temperature, flow rate and hydrocarbon to air ratio on the con- 


version of benzene to phenol are given. Complete analyses have been carried out on both the 


liquid and gaseous products from these experiments. 
A mechanism, based on the formation of hydroxyl radicals and oxygen and hydrogen atoms 
by the oxidation of the thermal decomposition products from the cyclohexane and their subse- 


quent reaction with the benzene, accounts for the observed facts. 


Résumé Les auteurs ont étudié la production du phénol par oxydation du benzéne au moyen 
dair et ont déterminé linfluence de addition au benzéne de cyclohexane dans des proportions 


jusqu’é 30% mol. Des expériences ont été faites pour déterminer l'influence sur la conversion 


du benzéne au phénol de variations dans la température, la vitesse de l'écoulement et la proportion 


hydrocarbure : air. 
Les produits liquides et gazeux provenus de ces expériences ont été analysés complétement. 


Les auteurs expliquent les résultats observés en admettant un mécanisme basé sur la 


formation de radicaux d‘hydroxyle et d’atomes d’oxygéne et d’hydrogéne par loxydation des 


produits de décomposition du cyclohexane et leur réaction subséquente avec le benzéne. 


Zusammenfassung—Die Herstellung von Phenol mittels Luftoxidation von Benzol wurde 
untersucht ; dabei wurde die Wirkung eines Zusatzes von bis 30 Mol. % Zyklohexan zum 


Benzoleinsatz bestimmt. Die Ergebnisse von Versuchen tiber den Einfluss von Temperatur, 
Fliessgeschwindigkeit and Verhiltnis zwischen Kohlenwasserstoff und Luft auf die Umwandlung 
von Benzol zu Phenol werden erwihnt. Die fliissigen sowie die gasfOrmigen Produkte dieser 


Versuche wurden einer vollistandigen Analyse unterzogen. 

Die Beobachtungen werden erklirt, indem man annimmt, dass der Mechanismus auf der 
Bildung von Hydroxylradikalen, Sauerstoff- und Wasserstoffatomen durch Oxidation der 
thermischen Zerfallprodukte des Zyklohexans und deren nachfolgenden Reaktion mit dem Benzol 
beruht. 


INTRODUCTION vapour in 1°, concentrations at temperatures of 


The oxidation of benzene has been the subject of 700°C. Harman [8] found that the reaction 
temperature could be lowered 50°C by the 


much investigation ever since its structural 
formula was proposed by Kexu sé in 1866. The addition of 0-02% iodine provided the glass 
possibility of producing phenol directly from reactor tube diameter was greater than 1 inch 
benzene by oxidation with air or oxygen has to eliminate wall effects. He claimed 56-5% 
received much attention. conversion at 604°C, 

Searches have been made for suitable catalysts In contrast to the above workers, Mover and 
ever since the work of Weiss and Downs [1] in) KLINGELHOEFER [4] found that phenol could be 
1920. They investigated the use of metals and produced using commercial benzol without the 
metal oxides as heterogeneous catalysts but only addition of nitrogen oxides. At 650°C and 
obtained yields of phenol of about 0-3°%,. In atmospheric pressure in a glass reactor of 1} inch 
addition to the various other solid catalysts which 1.D. they obtained a yield of 4-9°, and conversion 
have been reported, Biss and Lucas [2] obtained of 48°. Boner and Newrrr [5] described a non 
yields of up to 5-5°%, phenol and conversions of catalytic process operating at 50 atm and 370°C, 


52°, by the use of nitrogen oxides and nitric acid They obtained a conversion of 53-5%,. 
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Due to the adsorption of the phenol on the 


surface of solid catalysts and the possibility of 


further oxidation taking place, it was decided to 
investigate the use of gaseous promoters where 
the phenol would be swept from the reaction 
zone as soon as it was formed. Cyclohexane was 
found to be one of the best of these gaseous 
promoters by Denrox, Douerry and 
[6], the optimum yield per pass being 5°,, when 
using about 1°, 
0-2in. LD. at 67 atm and 450°C. 

This paper describes work carried out at 


cyclohexane in a reactor of 


atmospheric pressure to investigate further the 
effect of the concentration of cyclohexane on the 
products from the air oxidation of benzene. To 
obtain data for the process working on a recycle 
basis, i.e. removing the phenol and reeycling the 
unoxidised hydrocarbon, experiments were 
carried out on a single pass apparatus and the 
quantity of unreacted hydrocarbon in the 
products was estimated. 


DEFINITIONS 


The following terms will be used : 


Wt. benzene converted to phenol per pass through reactor 


EXPERIMENTAL 


Materials 
Literature 
Benzene values 
Specific gravity at 15-5 O-SS827 O-SS34 
Refractive index at 25 C 14979 


00°. boiled between 80-05 and 80-25°C 
Cyclohexane 

Refractive index at 25°C 1-4237 1-4233 

Ultra violet absorption analysis showed that it 


contained about 0-2°,, benzene. 


Apparatus 
The apparatus is shown in Fig. 1. 

Benzene, containing the required proportion of 
cyclohexane, was metered as a liquid and fed 
into a heated Pyrex glass tube C through which 
the air was passed. Provision was made at W 
for the introduction of water vapour into the air 
supply. 

The reaction vessel D was made of quartz and 
had a bulb 10 em long and 2 cm diameter, the 
reaction volume being 33 ces. The furnace con- 


sisted of a solid block of aluminium contained in 


Yield 100 
Wt. hydrocarbon fed. 
, Wt. benzene converted to phenol 
®, Conversion 100 
Wt. hydrocarbon consumed 
Reactor Volume in ces. 
Space Lime 
i Gaseous flow rate in ces. sec. at N.T.P. 
A. 
ANALY 
A 
& 
. J 
sh 
HYDR ARBON \ Ay 
W 
AIR | ‘ 
A 4 
Fig. 1. 
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a steel pot 12 inches long and 6} inches diameter 
with a 14 inch diameter hole through the centre. 
This was wound with two electrical heaters and 
well lagged. The annular space between the inlet 
outlet the bulb the 
thermocouple sheath R, was kept as small as 


and tubes of reactor and 
possible so that the reaction volume was well 
defined. The hot junction of the thermocouple 
was 10 inches from the tip of the sheath so that 
the thermocouple could traverse the reactor to 
investigate the temperature at least 2 inches on 
either side of the bulb without affecting the annu- 
lar space in the hot zone of the reactor. 

The the 


either be run to waste H or to the receivers F 


gases emerging from reactor could 
and G. The first receiver F’, in which the majority 
of the products condensed, was surrounded by 
ice cold water and the U-tube receivers G were 
78°C with solid CO, to trap the 


remaining products. In most cases 3 or 4 of these 


cooled to 


U-tubes were required to completely trap the 
white mist which was formed. 
the 


collected for analysis and the remainder vented 


A portion of uncondensed gases was 
to atmosphere. All tubing in which condensation 


might occur was heated. 


Analytical Methods 
Phenol the 


Method assuming that 3 bromine atoms substi- 


Estimated by Bromide-Bromate 


tuted for 1 phenol 


C,H,OH + 3 Br, Br, 3H Br 


Liquid Reaction Products -A wamber of prelimin- 


ary experiments showed that the majority of the 
liquid products consisted of unreacted hydro- 
carbon (benzene and 


cyclohexane), phenol, 


diphenyl and water. 


After each experiment, the receivers were 
allowed to come to room temperature and the 
total weight of the liquid products found. The 


water layer was allowed to settle into the side 
tube of the receiver F where its volume could 
be measured. The hydrocarbons (benzene and 
cyclohexane) and water were removed by evapor- 
ation under reduced pressure to leave the phenol 
and diphenyl, the weight of which was then 


found. The phenol was extracted with caustic 


The air oxidation 


of mixtures of benzene and cyclohexane to phenol 
potash and analysed. The diphenyl was obtained 
by difference. 


Products 


were analysed in an Orsat for carbon dioxide, 


Gaseous The gases from the reaction 


oxygen, carbon monoxide and nitrogen (by 


difference). Preliminary tests had shown that 
hydrogen and unsaturated hydrocarbons were 
present, only in negligible quantities. 

Other Products 


from the reaction were identified in trace quanti- 


A number of other products 


ties only 


(a) Acids 


(not due to the phenol). These were determined 


The products were faintly acidic 


by titrating with baryta using phenol red as 


indicator to eliminate interference from the 


phenol. 
(b) Aldehydes 


was obtained with Schiff's Reagent. 


A very faint pink colouration 
(c) Quinone—This was identified and estimated 
by the darkening in colour obtained when the 
products were made alkaline. 

(d) Acetylene 
identified by 


Small quantities of this were 
the 


acetylide during the gas analysis for carbon 


precipitation of red cupric 


monoxide, 
(e) Perovides No peroxides were identified by 
the liberation of iodine from potassium iodide. 


Ultra Violet Absorption Analysis 


In order to determine the exact amount of the 
benzene which had reacted, samples of the hydro- 
carbon layers of the products were analysed by 
U.V. An 


attempt was made to check the phenol analyses 


Absorption analysis for benzene. 
by this method, but due to the very large eXcess 
of benzene present, the method was not found to 


be accurate. 
ReEsUuLTs 
Investigations with pure benzene 
Three experiments were carried out using pure 
benzene and the results are recorded in Table 1. 
Two reactions are taking place : 

Benzene > Phenol 

and 


Benzene —-» Complete Combustion Products 
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Table 1. 


Expt. | Reactor Time air of 
No. (Temp. secs. ratio Phenol 
1 610 7 1:1 0-05 % 
2 632 9 | 2:1 1-4% 
8 635 15 1:1 31% 


Temp. 
rise Gas Appearance of 
| composition 


liquid products 


negligible only 0-5% CO very pale straw colour 


26 16.5% CO dark brown colour 
0-6% CO, 
19% O, 

> 40° all CO and CO, | very dark brown and with 


particles of carbon 


and they are both very dependent upon tem- 
perature. 

For the phenol formation, the rate of reaction 
was measurable at about 600°C and gradually 
increased with increase of temperature. The 
second reaction became important at about 620°C 
when the gaseous products contained measurable 
amounts of CO. Since the formation of gaseous 
products is accompanied by a_ considerable 
evolution of heat, the reaction temperature rises 
very considerably and control over the reaction 
to phenol is lost. 


The Effect of Variation of Temperature 
This was investigated fully with 10 mol.°%, cyclo- 
hexane in the benzene feed. (Fig. 2). 

The graphs showing the conversion of benzene 
to phenol have two sets of points. 

The conversion indicated by ‘O’ is 


gm of benzene converted to phenol 
gm of feed hydrocarbon reacted 


The conversion indicated by ‘x’ is 


gm. mols of carbon in phenol 


gm. mols of carbon in phenol, diphenyl, CO and CO, ~ 


Due to the small difference in weighings to 
obtain the gm of feed hydrocarbon reacted, the 
conversions based on this figure were subject to 
considerable errors. A more consistent figure 
based on the carbon balances, was used. 

As the temperature was raised from 550°C to 


610°C the rate of oxidation increased and the 
yield of phenol rose to nearly 1-5%,. The con- 
version decreased gradually over this range from 
28% to 238%. 

When the reaction temperature was above 
600°C, large amounts of hydrocarbon were burnt 
to CO and water and the accompanying tem- 
perature rise was as much as 30°C, This higher 
reaction temperature promoted more complete 
combustion and control over the reaction was 
lost, cracking took place, and the reaction 
products contained particles of carbon and large 
quantities of tar by-products. In the region of 
560-570°C, the temperature rise was 10-15°C and 
only about 30-40°%, of the available oxygen was 
consumed ; the reaction was much easier to 
control under these conditions. At the higher 
temperatures the rate of disappearance of phenol, 
due to its further oxidation, became appreciable 


100 


100 


compared with the rate of formation, and the 
yield began to fall off. 

The initial rise in the formation of water from 
550-600°C was probably due to the combustion 
of the cyclohexane. Above 600°C, the majority 
of the cyclohexane would have reacted and sicne 
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UNREACTED 
HYDROCARBON 
oF REACTION CONDITIONS 
10 mol % CYCLOHEXANE 
O8 SPACE TIME- 4-Ssec 
50 VOL % HYDROCARBON 
VAPOUR 
640 
A 
020 
& 600) + 44 
00s = | REACTOR 
w 
U 
| 
| 
x Fal ! +— 4 
> 
re) / ° 
| DIPHENYL | | 
fe) | | 
550 570 590 610 550 570 590 610 
TEMPERATURE 
Fig. 2. 


little of the available oxygen remained, the rate 
of formation of water fell off. 


Effect of Variation of Cyclohexane Concentration 


The yield of phenol is very much dependent upon 
a 
15 mol% 


the cyclohexane concentration. It rises to 
maximum of 1-1°% between 10 and 
cyclohexane at 594°C and the conversion of 
benzene to phenol was a maximum of 26% 
between 8 and 10 mol%,. (Fig. 3). 

The graphs of the mols products formed show 
that 
increased, the diphenyl formed gradually increases 
and tends to a constant value of 0-01 mols/mol 
feed whereas the phenol formed is a maximum 
at 10 mol % cyclohexane and then falls off fairly 


as the concentration of cyclohexane is 


rapidly. 
The temperature rise in the reactor varied from 
27°C with 10 mol % cyclohexane to 50°C with 


35 


T 
~~ | 
UNREACTED |_| 
HYDROCARBON 
REACTION CONDITIONS 
O68 - REACTOR TEMP.—594 °C 
2 SPACE TIME ~4-Ssec 
50 VOL % HYDROCARBON 
VAPOUR 
TT 
WATER 7 
O15 | | “as 
\ 
ra) / 
a 
| | | 
=, 
3 
0-008 2 40 T 
z 
0-004 
| 
re) i0 20 30 o 1 2 3% 
mol % CYCLOHEXANE ——= 
Fig. 3. 


30 mol %. 
sumption 


The increase in the oxygen con- 
with increase of cyclohexane con- 
centration is very marked. 

The results of a series of experiments carried 
out at a lower temperature — 565°C — to determine 
the effect of cyclohexane concentration on the 
reaction products at four different space times 
are shown on Figs. 4, 5, 6 and 7. 

The maximum yield of phenol gradually rose 
as the space time was increased, but the position 
of the maximum value shifted from 20 mol %, 
at a space time of 4-5 secs to 10 mol % at a 
space time of 13 secs. Under all the conditions 
the conversion rose to a peak value of about 
25%. 
at a space time of 4-5 secs but slowly shifted to 
5 mol % as the space time was increased. 

The temperature rise in the reactor was again 
very considerable at the higher cyclohexane 


This coincided with 10 mol °%, cyclohexane 
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concentrations. When the space time was 4-5 secs, 
the available oxygen was consumed gradually as 
the cyclohexane concentration was increased. As 
the space time was increased the consumption of 
oxygen became more rapid until, when the space 
time was 13 secs. over 90°, of it had been used 
up at a cyclohexane concentration of only 
10 mol 


The Effect of Variation of Space Time 


The last collection of results are replotted to show 
the effect of space time. (Figs. 8 to 11.) 

The space time had very little effect on the 
conversion of benzene to phenol. The temperature 
rise in the reactor is much more dependent upon 
cyclohexane concentration than space time. 

The yields of phenol and diphenyl! both increase 
as the space time is increased. At low cyclohexane 
concentrations, the yield of phenol increases more 
rapidly than that of diphenyl, but as the cyclo- 
hexane concentration is raised, the reverse begins 
to take place until, with 20 mol °, cyclohhexane, 
increase of space time results in the yield of 
diphenyl increasing more rapidly than that of 
phenol. 

The effect of space time on the consumption 
of the available oxygen becomes more marked 
as the cyclohexane concentration is increased. 


The Effect of Variation of Hydrocarbon: Air Ratio 


All the results so far have been obtained from 
experiments where the ratio of hydrocarbon 
vapour to air was 1:1. A series of experiments 
to determine the effect of this variable were 
carried out using 10 mol % of cyclohexane in 
the benzene feed and with a space time of 4-5 sees. 

The yield and conversion both reach a maximum 
between 40 and 45 vol °%, hydrocarbon vapour. 
The oxygen consumption increases as the hydro- 
carbon concentration increases and this is 
accompanied by a slight increase in the tem- 
perature rise in the reactor. (Fig. 12). 


The Effect of Water Vapour 

Experiments were carried out with the air dried 
through calcium chloride tubes and with up to 
0-17 gm water vapour/gm dry air but this had 
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no noticeable effect on the composition of the 
products. 
Discussion 

The rate of oxidation of benzene is increased very 
considerably by the introduction of cyclohexane. 
A radical is formed by the reaction of the cyclo- 
hexane which is capable of splitting the benzene 
molecule quicker than pure oxygen. Our attention 
must therefore turn first to the cyclohexane. 

At the reaction temperatures employed for 
these investigations, the thermal decomposition 
of cyclohexane will yield hydrogen, methane, 
ethane, ethylene, benzene and higher hydro- 
carbons, tar (produced by polymerization), and 
many other hydrocarbon products. 


C,H,, + 2H or H, 


>CH, + CH,CH = CH CH,, ete. 


The oxygen present will react with the hydrogen 
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or lower hydrocarbons with the formation of 
hydroxyl radicals and oxygen atoms. These will 
initiate a chain reaction with the benzene : 


C,H, + OH - > CH, + H,O 
C,H, + O >» C,H, + OH 
CH, + H > C,H, + H, 


Phenol and diphenyl! will be formed by 


C,H, + OH C,H,0OH 
C,H, + C,H, 


The direct attack of oxygen molecules on the 
benzene only became measurable above 600°C. 
The reaction is highly endothermic and requires 
an activation energy at least equal to its endo- 
thermicity. At temperatures below 600°C, the 
energy of the system was not sufficient for this 
reaction to take place. 

The formation of diphenyl increased with 
temperature rise and also with increasing cyclo- 
hexane concentration. In no case did the rate 
of decomposition of diphenyl become comparable 
with its rate of formation. The molecule is very 
inert to attack. 


An increase of temperature affected the phenol 
formation. Although the rate of formation 
increased with a rise in the temperature, the rate 
of attack and decomposition increased to a greater 
value than the rate of formation. The further 
oxidation of phenol 


OH OH O 


] 
OH O 


was taking place and quinone was identified in 
the products. 
products were shaken with alkali became more 
marked as the reaction temperature increased. 

The further oxidation and splitting of the ben- 
zene ring 


The colour change when the 


O O 
| H H 
HC—C-—OH / von 
HC —C—OH \ 
+ H,O 


will follow fairly rapidly. In the oxidizing atmos- 
phere and at the temperatures employed, the 
higher acids and aldehydes will quickly be degraded 
to formaldehyde, formic acid, oxides of carbon 
and water. 


SUMMARY 
Temperature 


The experimental work showed that the most 
important factor was temperature. This could 
be divided into : 


(a) The temperature to which the reaction gases 
must be heated. 


(b) The rise of temperature of the reaction gases 
in the reactor when the reaction has started. 


The latter is the more important. When the 
temperature rise is excessive, control over the 
reaction is lost and large quantities of combustion 
gases are formed. However, provided the con- 
sumption of the available oxygen was not allowed 
to rise much above 50%, the temperature rise 
could be easily controlled. 

The actual reaction temperature should be kept 
as low as possible so that the thermal decomposi- 
tion of the products is kept to a minimum. The 
experiments showed that the conversion gradually 
rose as the reaction temperature was lowered. 


Cyclohexane Concentration 


The percentage of cyclohexane present with the 
benzene feed controls the reaction temperature. 
A lower reaction temperature can be employed 
if the proportion of cyclohexane is increased, when 
the other conditions remain constant. At a given 
temperature, it was found that the quantity of 
cyclohexane could be reduced only if the space 
time was increased. This is to be expected, because 
as the reaction is initiated by the cyclohexane, if 
high flowrates are used, a considerable proportion 
must be present in order that the reaction can 
take place. The main disadvantage with a high 
cyclohexane concentration is that the control of 
the reaction would be very dependent upon 
flowrate and small fluctuations might result in 
the reaction proceeding too fast and the tem- 
perature rising out of control. 
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Space Time 

As the flowrate was increased, the results showed 
that the conversion was very slightly increased. 
Conditions should, if possible, be chosen so that 
the consumption of the available oxygen is not 
seriously affected by small changes in the flow- 


rate. 


Hydrocarbon to Air Ratio 
The hydrocarbon to air ratio should be between 


40-50 volume °,, hydrocarbon vapour to obtain 


the maximum conversion. As the percentage of 
hydrocarbon vapour was increased, the tem- 
perature rise became larger because more of the 
available oxygen was consumed, and more com- 


bustion products were formed, 
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DISCUSSION 


Dr. Ph. J. Garner : (London Shell Petr. Co.) 


The direct production of phenol by the oxidation of 
benzene is a long sought objective Benzene is very 
resistant to low temperature oxidation, a fact which 
contributes to its value as a motor fuel 

The authors show that at the temperatures investigated 
(565-595 C) the production of phenol fro benzene alone 
is negligible 

In the presence of evelohexane vields of up to 1°, 
phenol are obtained. However, the conversion of hvdro- 
carbon is always less than the proportion of evclohexane 
present and it would appear that the data could equally 
well be interpreted as showing that the phenol produced 
arises from the oxidation and dehydrogenation of the 
cyclohexane, a well known process 

Page 33 states that the unreacted hydrocarbon consisted 
of benzene and cyclohexane Are anv figures available 
for the amounts of unconverted evelohexane and benzene 
separately 


The Authors : 

Fig. 3 shows that as the cyclohexane concentration was 
increased above 10 mol ©, both the vield and conversion 
began to fall off. Experiments were carried out with pure 
evelohexane under the same conditions and negligible 
quantitee s of phe nol were produc ‘ d There is no evidence 
at present that evclohexane can be oxidized directly to 
phenol 

( ve l y*hexane, produced by the hydrogenation of expen- 
sive, sulphur-free, benzol, would not form a suitable 
starting material for the synthesis of phenol. However, 
it occurs In quantities up to 10°, in coke oven benzol. 

The unreacted cyclohexane was obtained by difference 
between the total weight of hydrocarbon products collected 
during the run and the sum of the weight of benzene 
(obtained by U.V. analysis) and phenol and diphenyl. 
These figures were subjected to errors similar to the con- 


version data as stated on page 34 and, no valid as con- 
clusions could be drawn from them, were not included. 
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Oxidations carried out by means of vanadium oxide catalysts 


P. Mars and D. W. van Kreve.en 


Staatsmijnen in Limburg, Central Laboratory, Geleen, Netherlands 


Summary All technically interesting reactions carried out with vanadium oxide catalysts 


are marked by their highly exothermic character. which forms an impediment 
gation of the kine tics of these Processes, 


to the investi- 
In the present study use was made of a fluid bed, in 


which the temperature is uniform The oxidation of the following substances : benzene, 


toluene, naphthalene, and anthracene has been stud'ed. 
The partial pressures of the reacting substances were varied to the greatest possible extent. 


Both reaction components appeared to influence the reaction rate. A formula depicting this 


influence is derived. This formula may be interpreted by assuming two successive reactions, 


namely the reaction between the aromatic and the oxygen on the surface. and the re-oxidation 
of the partly reduced surface by means of oxvgen 
The formula may be reduced to an equation by which also the data on the oxidation of sul 


phur dioxide by means of vanadium oxide catalysts found in the literature are well described. 


Using kinetic data it is possible to determine the optimum temperature distribution in a fixed 
bed reactor used for the oxidation of sulphur dioxide 
tween the amounts of catalyst to be used in the 


results of these calculations have } 


and to make calculations of the ratio be 
various stages of a multiple-stage reactor. The 
ween compared with practical experience. 


Résumé — Toutes les réactions qui sont importantes du point de vue technique et sont effectuées 
a aide de catalyseurs d’oxyde de vanadium <e distinguent par leur caractére trés exothermique 


qui entrave Texamen de la cing tique de ces processus. C'est pourquoi on utilise, dans l'étude 


presentee, un lit fluidifié dans lequel la temperature est uniforme. 
Dans cet examen, on a étudié loxvdation des substances suivantes : benzéne. toluéne, naph- 

taléne et anthracéne. Les pressions partielles des substances de réaction sont 

mesure du possible, 


varieés dans la 
Il paraissait que les concentrations des deux réac tants influencent la vitesse 
de réaction La formulk indiquant cette influence a été établie Cette formule s interpréte en 
admettant deux réactions successives savoir la réaction entre l'aromate et lox, gene a la surface 
et la réoxydation, a l'aide d’ox, gene, de la surface partiellement réduite. 

Sous certaines conditions, cette formule peut ¢ctre transformée a une equation indiquant les 
données, trouvées dans la littérature. de loxydation d’oxyde sulfureux a l'aide de catalyseurs 
doxyde de vanadium. 


Les donneés cinetiques permettent de déterminer la distribution de la température optimum 
dans un réacteur a lit fixe utilisé pour 'oxvdation d’oxvde sulfureux et de calculer le rapport 
entre les quantités de catalyseurs A utiliser dans un réacteur a multiples étages. Les résultats 


de ces calculs sont comparés a lexpeérience pratique. 


Zusammenfassung Simtliche in hnischer Hinsicht interessenerregende Reaktionen, die 


mit Hilfe von Vanadiumoxyde-Katalvsatoren durchgefiihrt werden, unterscheiden sich durch 


ihren stark exothermen Charakter. der die 1 ntersuchung der Kinetik dieser Prozesse erschwert. 


Dies ist der Grund dafiir, dass bei der betreffenden Untersuchung eine W irbelschicht angewandt 


wird, in dem eine uniforme Temperatur vorherrseht. Es wurde die Oxydation nachstehender 


Stoffe untersucht: Benzol, Toluol. Naphthalin und Anthrazen. Die Partialdriicke der 


Reaktionsstoffe wurden zwischen moglichst weiten Grenzen variiert. Die Konzentrationen beider 


Reaktionskomponenten beeinfliissen die Reaktionsgeschwindigkeit. Die kinetische Gleichung 
lasst sich interpretieren, indem man zwei aufeinanderfolgende Reaktionen annimmt. nimlich die 
Reaktion zwischen der aromatischen V« rbindung und dem Sauerstoff auf der Oberfliche und die 


Oxydation der teilweise reduzierten Oberfliche mittels Sauerstoff. 
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Unter Umstinden lisst sich diese Formel in eine Gleichung umwandeln, in der auch die 
Literaturunterlagen tiber die Oxydation von Schwefeldioxyd mittels Vanadiumoxyd-Katalysa- 


toren, gut zum Ausdruck gelangen. 


An Hand der Kinetik ist es méglich die optimale Temperaturverteilung in einem Festbett- 
Reaktor, der zur Oxydation von Schwefeldioxyd angewandt wird, zu ermitteln und das Verhiltnis 


zwischen den in einem mehrstufigen Reaktor angewandten Katalysatormengen zu berechnen. 
Die Ergebnisse dieser Berechnungen sind mit den Erfahrungen aus der Praxis verglichen worden. 


INTRODUCTION 

In various manufacturing processes vanadium 
catalysts play an important part. In particular, 
the oxidation of sulphur dioxide with air (the 
“ contact process ”’), the oxidation of naphthalene 
to phthalic anhydride and, to a less degree, the 
oxidation of benzene to maleic anhydride over 
this type of catalyst are widely applied in tech- 
nical processes. In an analogous manner toluene 
can be oxidised to benzaldehyde and benzoic acid, 
anthracene to anthraquinone, methyl! alcohol to 
formaldehyde, whereas from aliphatic hydro- 
carbons a large number of oxidation products 
(aldehydes, ketones and acids) can be derived. 

Precisely those reactions which are of great 
importance in chemical industry are strongly 
exothermic. This has been a difficulty both for 
the technical realization and for the studying of 
the kinetics of these reactions. 

Because of the fact that oxidation by means 
of vanadium oxide catalysts finds much applica- 
tion in the authors’ organisation, it was considered 
important to investigate the technological bases 
of these processes. For this investigation the 
catalytic oxidation of aromatic hydrocarbons was 
chosen as the starting point, as this oxidation 
proceeds as an irreversible reaction, so that there 
is no need to take into account the influence of 
the equilibrium position. The conclusions, how- 
ever, have a much wider scope and in principle 
apply also to reversible reactions. By way of 
example we shall consider the contact process for 
the production of sulphuric acid. With the aid 
of the reaction kinetics further information on the 
design and performance of the apparatus will be 
derived. 


1. Oxipation or Aromatic CoMPOUNDS ON 
Vanapium Oxipe CATALYsTs 

The reaction may be viewed as an oxidation- 

reduction process ; the substance to be oxidized 


reduces the catalyst, which was oxidized by oxygen 
from the air. The oxidation reaction proper can 
be carried out without oxygen being present : by 
heating, say, anthracene with vanadium pent- 
oxide in the absence of air a good yield of the 
oxidation product (anthraquinone) is obtained. In 
this process the catalyst is reduced to vanadium 
tetroxide (SENSIMAN [1]). 
which is in interaction with an oxidizable sub- 


However, a catalyst 


stance and air will also be partly in the tetravalent 
state. This was found by W. ScureiBer [2], who 
weighed a catalyst actively engaged in the oxida- 
tion of naphthalene. Previously, J. M. Weiss [3] 
had already arrived at the same conclusion by 
determining tetravalent vanadium in the catalyst 
in the benzene oxidation. 

By comparing the activities of one catalyst in 
various reactions, additional information about 
the reaction mechanism may be obtained. From 
an investigation made by E. B. Maxrep [4] it 
appeared that markedly differing oxidations, e.g. 
that of naphthalene to phthalic anhydride, that 
of benzaldehyde to benzoic acid and that of 
toluene to benzoic acid, invariably show a good 
yield at about the same temperature. The fact 
that the operating temperature of a catalyst 
proves to be independent of the substance to be 
oxidized, justifies the presumption that the rate 
is mainly determined by the reoxidation of the 
catalyst. 

P. H. CaLperBan«k [5] carried out experiments 
on the oxidation of naphthalene and concluded 
that, within a wide temperature range, the 
“chemosorption of oxygen by the catalyst ” 
determined the gross reaction rate. 


Experimental Part 


As the kinetic data on the reactions taking place 
on this type of catalyst were incomplete and, in 
part, unsatisfactory, we decided to perform an 
investigation into this matter in our laboratory. 
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Because of the above-mentioned difficulties a fluid 
bed was applied. With this method, the tem- 
perature differences in the catalyst bed are 
negligible, while the temperature level can be 
adjusted in a simple manner. 


Apparatus 


A diagram of the apparatus used is given in 
Fig. 1. In a “ Pyrex” tube with an internal 
diameter of 43mm, the catalyst powder (par- 


water are formed. The organic oxidation products 
obtained from toluene are benzaldehyde and 
benzoic acid. Naphthalene yields naphthaquinone 
and phthalic anhydride, while from anthracene 
the oxidation products anthraquinone and phtha- 
lie anhydride are obtained. The reaction pro- 
ducts (together with the non-converted aromatic 
substance) were condensed by cooling them to 
— 90°C), and 
These analyses were 


— 80°C (in the case of benzene 
subsequently analysed. 


Figure | Diagram of apparatus 


= 
| 
Vaporizer Converter Condenser 


ticle diameter between 200 and 300) on a 
sintered glass plate is fluidized by means of a 
mixture of air and reactant. Heating is effected 
by means of an external heating wire, the tem- 
perature being kept constant by a relay system. 
The variations in temperature remain within 0-6°C 

A study was made of the oxidations of benzene, 
toluene, naphthalene and anthracene. When 
benzene is oxidized, benzoquinone, maleic anhy- 
dride and carbon dioxide, carbon monoxide and 


| 


Absorption train gos meter 


of the aromatics 
determined in n- 
the quinones were analysed by reduc- 


carried out in the following way : 
the refractive 
hexane ; 


indices were 


tion with titanium trichloride, and benzeldehyde 
by the hydroxylamine reaction; the acids were 
titrated with lye. The amount of CO and CO, 
was measured by converting the CO into CO, 
with hopcalite, binding the CO, to soda lime, and 
weighing. 

In the experiments, the partial pressures of the 


‘4 
| 
| 
» 
UPP, | | 3 
952 
54 | | 
} 
| | 2 
bed i | 
ay 
| 
= } 
at } 
= 
43 


CONFERENCE ON OXIDATION PROCESSES 


Figure 2 Conversion as a function of partial pressure of the 


reactant 
40 
| 


aromatic hvdrocarbons and of the oxveen wer 
varied, while the other variants : sp velocity 
and temperature, were kept constant. Th par 
tial oxygen pressure was varied between 80 and 
760 mm Hg, the partial pressure of the aromatic 
reactant between 1 and 30mm He. T pical con 
version curves are shown in Fig. 2 and 3 

Both partial pressures proved to influence the 


gross reaction rate. 


Figure 3 Conversion as a function of the partial pressure of 


oxygen 
~ co 
‘ 
the 
- 
| 
49) | 
. 
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The dynamic state of the fluid bed 

The gas velocity in these experiments Was kept 
constant, because the conversion changed in a 
manner diflicult to describe if variations occurred 
in the gas velocity or in the amount of catalyst. 
Therefore, efforts were made to keep the dynamic 
state of the catalyst particles circulating in the 
bed constant throughout the experiments, If, in 
a fluid bed, the linear gas velocity increases or 
the amount of catalyst decreases, the number of 
bubbles passing through the bed is greatly 
increased, As the interaction between bubbles 
and catalyst becomes much less intensive the 
reaction rate measured experimentally falls off. 

J. W. Askins et al. [6] performed measurements 
ona large catalyst bed to examine the composition 
of the gas at various heights in the bed. The 
differences in concentration measured were only 
small. These investigators concluded that a fluid 
bed reactor must be considered an intensive 

As the dynamic situation in a large catalyst 
bed may differ considerably from the situation 
ina small bed, it seemed possible that the mixing 
in a fluid bed of smaller diameter is not so 
thorough and that in elaborating the kinetics of 
reactions carried out in such a bed the usual 
mathematical methods might be followed. 

This problem of the mixing of the gas in a 
uid bed is of importance in the interpretation 
of our measurements only in that we want to 
know whether the partial pressures of the com 
ponents vary with the height of the bed or are 
kept constant owing to the mixing. For this 
reason we measured the partial pressure of naph 
thalene as a function of the bed height under 
the same conditions as wer applied for the 
kinetic measurements. By means of a sampling 
tube a small amount of gas was taken from the 
bed and after washing with lye to absorb the 
phthalic anhyadrict and naphthaquinone formed 
the naphthalene concentration was determined 
with an ultraviolet absorption meter. 

The results of these measurements are shown 
in Fig. 4. From this figure it can be seen that 
the concentration in the bed gradually decreases 
in the direction of the flow, from which it follows 


gas streams are 


that the entering and outgoing g 
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not thoroughly mixed, For this reason we 
consider the reactor to be an integrating converter 


in the circumstances applied in our experiments. 


— 
[; re 4 Port ressure of naphthalene 


measured in a fluidized bed 


Diss ussion of Ry sul Kin fie Rasit Equation 


In what way should the influences of the partial 
pressures of the aromatic hvdrocarbon and of the 
oxygen on the reaction rate be inte rpreted ? 

Calculations of the mass transfer in a fluid bed, 
using the known relations, show that in the border 
line case, where the external diffusion of the 
aromatic component would determine the gross 
reaction rate, the number of molecules rea ting in 
a given period surpasses the number actually 
reacting in the experiments by at least 100 times. 
Neither does the diffusion in th pores of the 
catalyst restrict the reaction rate. as appeared 
from an application of the formulae ck veloped 
by [7] and Wacner [8]. 

If adsorption of the substance to be oxidized 
on the reduced part of the surface should be a 
condition of the reaction, there would be a 
maximum rate at certain partial aromatic and 
oxygen pressures. As such a maximum rate was 
never found we imagine the reaction to take place 
between the aromatic compound and the oxygen 
present on the underlying catalvst surface. 

The structure of crystalline vanadium pentoxide 
induces us to attribute a catalytic action to certain 


oxygen ions. For, in the vanadium pentoxide 


lattice two kinds of oxygen ions may be distin- 
guished. The greater part of the oxygen is 
present in about the same plane as the vanadium 
ions. Two-fifths of the ions, however, are arranged 
in planes parallel to and alternating with the 
first 19} (see Fig. 5). We suppose the latter 


Figure 5 Projection of the structure of VzO5 on (OO!} 


Vonodium 
Oxygen / 


) ( 30 } 


Bystrom, Wilheimi and Brotzen 
Acta Chemica Scandinovico 
4 , 1126 (1950) 


oxvgen tons to interact with aromatic molecules 
at the surface. The rate of oxidation will then 
ce pe nd on the concentration of these oxygen ions 
(which will in the following be called the degree 
of coverage, by the oxygen, and referred to by @), 
and on the amount of aromatic molecules adsorbed 
on or coming down upon the surface from the 
gaseous phase. The degree of occupation will 
automatically be fixed at a certain value, depend- 
ing on the rate of the reaction of the oxygen on 
the surface with the substance to be oxidized and 
the rate of re-oxidation of the reduced surface. 
This is in agreement with the experiment : if 
the reaction is carried out at high partial pressure 
of the oxvgen and or low partial pressure of the 
aromatic, the colour of the cataly st will be vellow- 
ish-brown, whereas at lower partial oxygen 
pressure and or high partial pressure of the sub- 


stance to be oxidized (provided the reaction 
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temperature be not too high) the colour changes to 
greenish-blue and on analysis a high concen- 
tration of tetravalent vanadium is found. 

The two reactions can be formulated : 


I. aromatic compound + oxidized catalyst —> 


oxidation products + reduced catalyst 


II. reduced catalyst + oxygen a 
oxidized catalyst 


If, for a simple approximation of these reaction 
rates, we assume them to be of the first order 
with respect to the partial pressures of the 
substances to be oxidized, it follows that the 


area not covered by oxygen. This can be expressed 
in the following formula : 


Mo =k, po” (1 — 8) (2) 


If, for the oxidation of one aromatic molecule, 8 
molecules of oxygen are required, the following 
formula also holds : 


ip == (3) 


so that for the steady state we may write : 


B.k,.pp,p-@ ky - Po” - (1 —@) (4) 


© Usidoto 


Os functhon of the portico 


pressures of the reoctonts 


rate of naphthalene 


temp » 337 °C 


rate of the oxidation of the aromatic compound 
may be expressed in the following formula : 


=k, . pp. (1) 


supposing the reaction rate to be proportional 
to the degree of occupation on the surface of the 
catalyst. The rate of re-oxidation of the surface 
reduced in the first reaction may be assumed to 
be proportional to a certain power of the partial 
pressure of the oxygen and to the catalyst surface 


46 


05 


For the degree of occupation by the oxygen it 
follows that : 
ky . Po? 
B.ky. Pr + Po" 
By combining formulae (1) and (5) we find for 
the reaction rate : 


(5) 


= ——— 


l B (6) 


ki-Pr ke - Po” 
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If this formula is to be tested experimentally it 
must first be integrated. In the special case of 
n = 1, we find the following relation : 


1 1 ) 1 (Po, )o 
== —. In (Pro + —.In Po, (7) 
ky (PR) final ky ( Po, final 
where (po ),,.., can be calculated as : 
0, tinal 
(Po, rinat B (Pr, P Regina) 
and V’, = space velocity. 
Poo 
Po. - [Pao-Pa 
lo Po 
Pa 
Figure 7 Oxdoton rote of anthracene 
os ao tuncton of the por 
pressures of the reactonts 
ry 
—_ — ~ —— + — 
2 | 
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In Figs. 6, 7 and 8 it is shown that the results 
of our experiments, both with the oxidation of 
benzene, naphthalene and anthracene, are in good 
agreement with this formula. 

For the activation energy in the re-oxidation 
reaction (naphthalene oxidation) of the catalyst 
used in these experiments* we found 22 kcal/mol 
(see Fig. 9). 

An activation energy for the reaction constant 
of the surface reaction between the oxygen and 
the naphthalene nucleus cannot be given on 
account of the spread in the results. 

If the reactions occurring in the oxidation of 
various substances always show one common 
step : the re-oxidation of the reduced catalyst, k, 
must be equal for the oxidations of the various 
substances at the same temperature. In order to 
. Composition : 9% by weight V,O,, 21% by weight 
K,SO,; carrier: silica gel. 


Figure 8 Oxidation rate of benzene as a function of the 
portial pressures of the reoctonts 
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check this point, various aromatic substances 
were oxidized on a Porter catalyst** at the same 
temperature, while by variation of the partial 
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Figure 9 Oxidation of naphthalene Se 
k, Osa function of temperoture 
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16 is is 
— Containing 9% by weight V,0,, 29% by weight 
MoO, and 0-03% P,O;, the carrier being corundum. 
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pressure of the reactants the reaction constants 
were determined. Identical k, values were found, 
in conformity with our expectations (see Fig. 10). 
Only the k, value for toluene showed a deviation, 
about the cause of which we are not clear. 

The numerical values of the reaction constants 
that the 


influence of the oxygen pressure will be greater 


are such under technical conditions 


than that of the partial pressure of the aromatic 


PROCESSES 


DATION 


The kinetics of the benzene reaction can also 
be deseribed in this way. (See PIGULEWSKI [10}). 


2. OXIDATION oF SuLtpHuR Dioxide on 


Vanapium Oxipe CaTaLysts 


Now the question arises as to whether a kinetic 
formulation of the oxidation-reduction mechanism 
can throw light upon the numerous descriptions 


of the rate of the S( , oxidation reaction found in 


compound, literature. 
Clog 
/ 
| | 
5 vA 
. 
4 vA 
| a / 
/ 
. 
Thus it may be understood why the most differ Also in this process we have a great heat 
ent substances are oxidized on VO; in the same release during the reaction : 
temperature range (Maxrep [4]) and further, how SO, + 40, > SO, + 23 k.cal/mol 


ol 


proportional to 


find the initial rate 
to be 


For, at constant ky and Pr formula (6) 


CALDERBANK [5] could 


oxidation of naphthalene 
{Po,) 


can, for a wide range of po . very well be approxi 


0968 


mated with the following formula : 


Np const, 


where m - 


However, this reaction differs from the oxidation 
of aromatic compounds in that it is reversible. 


The following formula describes the equilibrium 


: PSo 
A " (pressures in atm) (8) 
Pso, Po, 
Mlog K ~~ 9-34 
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In practice the gas is usually converted 
adiabatically in several lavers of catalyst. Between 
the catalyst beds there are heat exchangers, by 
means of which the temperature distribution can 
be controlled. Fig. 11 shows this distribution in 
such a reactor. The catalyst bed may, e€.g., be 
distributed over two converters. In the first the 
gas is converted rapidly but very incompletely 
owing to the unfavourable value of the equilibrium 
constant ; the second converter is operated at a 
lower temperature level, so as to make the 
reaction as nearly complete as possible. All the 
kinetic formulae given for this process in litera- 
ture show that the reaction product SO, strongly 
reduces the reaction rate. 

For this reason we will first consider the 
reaction rate in the border-line case, when the 
formation of S¢ ). is still negligible. 

Je. L. Kricurvskaya [11] carried out experi- 
ments with pure vanadium pentoxide under such 
conditions that the external and internal diffusion 
did not influence the reaction rate. When extra- 
polating her « xperim ntal results to infinite space 
velocity (contact time 0), the influence of a 
small rise in temperature caused by the heat of 
reaction is eliminated at the same time. The 
experimental results are expressed by formula (6) 
| (see Fig. 12). 


In setting up a formula for the reaction rate 


with n 


for those cases in which S¢ ), IS present we must 
take into account the fact that this reaction 
product strongly reduces the reaction rate. This 
may be due to the allinity of the SO, to the 
non-oxidized part of the surface. 

This implies that, besides the two reactions 


mentioned in Part 1 


ky 
SO, + Cat O > SO, + Cat 
and 
Figure 12 Oxdation of SO2 on pure V2 0s 
Krichevskayo (lit I!) 
300 
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ky where 
Cat + O, Cat —O 
there is a third reaction : Teq = etiam _ 
SO, + Cat SO, + Cat — O or : kp. — 2’ 


From the strong influence exerted by SO, on 
the reaction rate we may conclude that this third 
reaction proceeds at a high rate. 

Therefore we must examine the equilibrium : 


SO, + Cat — O — SO, + Cat 
which, apparently, is rather far to the left; for 
this equilibrium the following formula applies : 
Pso, (1 —8@) 
Pso, 


from which it follows that : 


K* 


= — - (10) 
K* -Pso, Pso, 

Since for the gross reaction process the rate- 
determining reaction is the re-oxidation of the 
catalyst : 

No, = ky - po, - (1 — @) (11) 
(as we found also for the oxidation of hydro- 
carbons). And since, moreover, Ngo 2no it 


(13a) 


Leg 


where «,, is the degree of conversion at equili- 


brium, and «’ = degree of conversion as compared 


to that at equilibrium = After integration 


we find : 


k (Po,)" 


(pe0,), In (14) 


where V, = space velocity. 

These formulae will now be compared with the 
data given in literature. 

F. W. Kisrer [12] carried out experiments in 
which a mixture of sulphur dioxide and oxygen 
was led over a vanadium oxide catalyst on 
asbestos. The degree of conversion was measured 
at several gas velocities. From Table 1 it appears 
that formula (13) gives a satisfactory description 
of the experimental results. 


follows from (10) and (11), that : Table 1. 
Sulphur dioxide oxidation (F. W. Kisrer [12]). 
"so, — 2k,.K Ke (12) 
Pso, + Pso, Time | Conversion 
° 
Now K* is small (as appears from the strong 
retardation effected by SO,) so that the following 11-9 57-6 9.89 
equation will approximately apply if the degrees 214 72-9 3-41 
of conversion are not too low : 26-5 771 | 3-35 
37-7 83-7 | 3-30 
PO, Pso, 38-9 841 
Ngo, = k .—"—— 52-1 87-9 | 3-12 
Pso 


where k = 2k, . K*. 

If at the same time the equilibrium conversion 
of SO,, O, and SO, is taken into consideration 
(and hence also the decomposition of the oxidized 
catalyst) it follows that : 


— 
so, = Pso, (Ps0, — ) (13) 


(1) Since Po, (Pso,jo Were not varied, the combination 


k (Po,)” (Pso,)o given as k’. 


B. NeuMANN and his collaborators [13] investi- 
gated the contact sulphuric acid process, especially 
with the purpose to identify the intermediate 
products formed on the catalyst. For a check of a 
kinetic formula NeuMANN’s investigation into the 


> 
a ea 
Pso 
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rate of conversion of SO, over silver vanadate as 
a catalyst can be applied. 
centage was determined at various gas velocities. 
Table 2 lists the results of his measurements 
550°C, 


between 
reaction 


825 and 
constants calculated with the aid of 


together 


The conversion per- 


with the 


Table 2. Sulphur dioxide oxidation on silver vanadate. 
Experiments of B. NeuMANN [13] 


Temp. Gas 


°C. velocity 


325 150 
300 
500 
375 150 
300 
500 
750 


Conversion 


82-5 
73-0 
59-0 


92-0 
73-5 
57-0 
96°5 
90-5 
82-0 


k (1) k’ 
average 


0-095 
0-120 
0-107 


0-172 
0-220 
0-212 
O147 | 
0-291 
0-324 
0-330 
0-300 


0-333 
0-370 
0-392 
0-370 


0-406 
0-398 
0-363 
0-392 | 


0-412 | 
0-417 
0-412 
0-430 
0-413 | 0-436 
0-410 

0-428 | 

0-495 


0-483 
0-500 
0-517 
(0-444) 0-535 
0-527 


0-545 


formula (14). Also here a satisfactory agreement 
is found. 

In the experiments performed by E. L. 
KricHEvskayYa [11] gas composition and contact 
The oxygen content of the 
gas ranged from 5-0 to 39-7°%,, the sulphur dioxide 
content from 3-1 to 40-1%. The catalyst used 
was pure V,O,;. From Fig. 13 it is seen that the 


time were varied. 


experimental results are described by equation 
(12), if n = 0-5"), 
K*, it appears that equation (13) is, indeed, a 
good approximation at high conversion. 
Previously, G. K. Boresxov and F. I. 
Soxo.Lova had investigated the kinetics of this 
process on a technical catalyst [14]. They found 
that the reaction rate for conversions between 


From the values found for 


45 and 60°%, were adequately represented by the 
formula 


In a later publication G. K. Boreskov [15] 
mentions the possibility of the internal diffusion 
interfering with the kinetic measurements in their 
experiments. 

P. H. CaALDERBANK’s experiments [16] were 
performed with a technical catalyst containing, 
besides about 10%, V,O;, some percents of K,SO,. 
This investigator determined the reaction rate as 
a function of the gas velocity at five temperature 
levels and three different gas compositions. How- 
ever, two of the gas mixtures chosen deviate from 
the usual compositions in that they are deficient 
in oxygen. On this account it is not possible 
to check by this relation the influence of the 
partial pressure of the oxygen. As the gas 
velocity was varied over a sufficiently wide range 
formula (12) can be checked (see Fig. 14). 
(Formula 12 is used here for the same reason as 
in checking the results of B. NeumMANN.) This 
formula proves to describe the results with 
satisfactory accuracy. 


(2) Since in these experiments the conversions are small and 
therefore SO,—concentration is low in comparison with the 
SO,-concentration, the term K*pso, may not be neglected; 
since further the conversions are far from equilibrium, 
formula 12 can be applied in its integrated form. 


0-107 
| | 
| 
| 0-188 
| 
d Je ) 0-8 
| 5 (150 | 0-315 Pao, Po 
| 300 | dt * \Pso 
500 
| 750 72-0 
450 10 | (OTD 0-366 
300 920 
Low | 500 | 840 | 
| 7500 | 760 
oe. “5 | 150 | 970 | 0-389 
| 500 80 
750 78-5 | 
475 150 96-5 | 
800 92:5 
500 855 
750 790 
500 150 | 950 
| 800 91-0 
85:5 
750 81-0 
| 
| 
525 300 00 
805 
toe 550 300 87-0 | 
See remark in Table 1. 
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8 
€ 
ted tolyst the transport of the molecules taking part in the 
erbone (iin reaction) may, however, influence the gross 
: j For the calculation of the “ external mass SUPP 
transfer — i.e. the transfer from the bulk of the 
| gas to the external surface of the catalyst grain 
f- ¥ the re lationships are well known. It is also 
possible to estimate in a simple manner the 
A | influence of the internal transport,”’ viz. of the 
/ / ( rate of diffusion in the catalyst pores on the 
ra por n th 
J / | overall reaction rate for the special case of a 
J / | first-order reaction, by means of the formulae 
/ / However, in case of a reaction such as the one 
; / A ] discussed here, these formulae cannot be applied, 
/ | would here lead to very complicated 
= / o! y, A simple consideration of the diffusion in a 
a pore of a catalyst grain enables us to estimate 
y / t | roughly the alteration of the kinetic equation as 
, 7 - a result of this internal mass transfer 
/ J a | Taking a pore (which, for the sake of simplicity, 
is imagined to be cylindrical) and considering only 


the mean reaction and diffusion rates, we may 


This agreement between the data found in write (see Fig. 15): 


literature and our kinetic equation occasioned us 


' feed rate owing to diffusion reaction rate 
to take this equation as the starting point of our 
further discussion of the process. D.., 
2 
7 Pso do x) (1 Zea) 
INTERNAL Dirrusion m 


} x 
With a catalyst used under conditions such as ~» Ge r, e pe 
x 


occur in the technical process, Mass transter (1c, 
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Figure 15 Diagrom of diffusion in pore EXAMINATION OF A TECHNICAL CONVERTER FOR 
THE MANUFACTURE OF SO, 

We will now compare the conclusions drawn from 
theory with the contact process as it is carried 
out in practice. 

One of the most commonly used equipments 
comprises a combination of catalyst beds in which 


the reaction proceeds adiabatically, with heat 


~ p 
— oom, exchangers interposed. Fig. 17 is a diagram of 
2 
’ such an equipment. By means of the heat 
| 
im | < 


=— $02 


so that for the maximum depth of penetration X,, 


the following formula helds : —> 
L |neot exchanger 


from which it follows that co 
—— 
” 
"SO, (Po, (Pso, % | (15) 
\ 
By integration we now find : Figure 17 Two stoge SO converter : 


with montie-coolir 3 


V (P80, )o exchangers the temperature distribution in the 


Figure 16 Temperature distribution as a function of conversion reactor may be controlled. Fig. 11 shows a 


- - - typical temperature curve. In converter 1 the 

gas is converted at high temperature, rapidly, but 
oer owing to the unfavourable position of the equili- 
7 brium, incompletely. After heat exchange with 
the gases flowing towards the converter has taken 
place, the degree of conversion is raised as far as 
possible in converter 2, which operates at lower 
temperature. Converter 1 contains three layers 
of catalyst, converter 2 comprises five catalyst 
beds. The catalyst is in the form of kieselguhr 


blocks of 0-8 1-1 em, impregnated with 
potassium-containing vanadium oxide. 
A | | From our kinetic equation we will now draw 
ff conclusions relating to the following points : 
1. The temperature distribution in the reactors ; 
wv Ji\\ 2. The distribution of the catalyst ; 
| = ~~ 3. The size of the catalyst grains ; 


2s She composition of the reaction gas. 


ware: 
— 
ne 
e 
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Ad 1. 


The optimum temperature distribution can be 
calculated in a simple manner if the rate equation 
and the apparent activation energy of the reaction 
is known. As the activity of a catalyst may 
decrease during the operation we derived the rate 
constants at different temperatures from tech- 
nical data on a catalyst which had been in use 
for some years. The rate of conversion can be 
calculated from the temperature difference across 
the catalyst bed, since the reaction proceeds 
adiabatically within the bed. From an analysis 
we know the concentration of the sulphur dioxide 
before the reaction and the degrees of conversion 
after the reactions in converters 1 and 2. 

By applying the well-known relation between 
reaction conditions and mass transfer it was found 
that only in the first layer of converter 1 does the 
diffusion to the catalyst tablet-surface slightly 
reduce the reaction rate. This very small influence 
of the external diffusion will be neglected. 

It is quite different, however, where the 
influence of the internal diffusion is concerned, 
In order to estimate roughly the influence of 
the internal diffusion, we used a mean degree 
of conversion a in the examined layer, so that 
formula (13a) passes into a formula, which des- 
cribes an apparent first-order reaction : 


Nso, im. x) 
where 
k. PO, 


Now the formulae of Tutence [7] and WacNer 
[8] can be applied as a first approximation. 

The diffusion coefficients of SO, — SO, in the 
(mean) gas mixture were calculated using G1ILui- 
LAND’s formula [18]. The ratio of the effective 
diffusion coefficient to the diffusion coefficient 
proper was determined in the manner described 
by C. Boknoven and J. Hoocscnacen [19]. For 
this calculation the diffusion in the pores was 
assumed to proceed according to the laws govern- 
ing the normal gas diffusion, while the influence 
of the transport along the catalyst surface was 
left out of consideration. 

The results of our calculations are given in 


Table 3. 


Temp. k** Effectivity of **y/(Po,)" (Pso o 
P \ 


c. catalyst atm. hero! 
445 2000 45 164 
570 9140 20 400 
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Table 3. It appears that both in the first and in 
the second converter the reactor rate is strongly 
reduced by the rate of diffusion in the pores : the 
effectiveness factor of the catalyst grains in the 
layers we examined did not exceed 45%, and 20%, 
for the two converters. 

This implies that we cannot use formula (14) 
but that we have to use formula (15) to calculate 
the reaction rates and the activation energy. The 
apparent activation energy proved to be about 
9keal/mol. For the re-oxidation reaction of a 
vanadium oxide catalyst not retarded by diffusion 
we found 22 kcal/mol (see page 7). Conformable 
to theory, it appears that the activation energy 
decreases by about a factor 2 if there is internal 
diffusion. This result is important: the fact 
that the rate of the sulphur dioxide oxidation is 
largely dependent on internal diffusion in the 
catalyst pores, involves that it would be incorrect 
to carry out calculations using literature data on 
the activation energy. 

For every conversion (x) there is a temperature 
at which the reaction rate reaches its maximum, 
as both k* and r,, (and hence ,,) are dependent 
on the temperature. 

By differentiation of formula (15) the optimum 
temperature and the maximum reaction rate can 
be determined as a function of the conversion ; 
in Fig. 16 Tortimum = is given. It appears 
that there is a considerable deviation from the 
actual temperature distribution. 

The question arises as to whether this deviation 
is attended by a great drop in potential product- 
ion. An approximative calculation shows that 
under optimum temperature conditions the pro- 
duction may be appreciably higher than under 
the actual conditions. It should be remarked 
that the temperature levels of the two converters 
are already so adjusted that the maximum pro- 
duction under the actual conditions is attained. 
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It appears that it is important to design the 
conversion apparatus in such a way that the 
optimum temperature curve can be followed, 
although the construction will undoubtedly be 
more complicated. 


Ad 2. 


Under Ad 1 we estimated the optimum temper- 
ature distribution. Even, if for technical reasons or 
for reasons of heat economy, the optimum temper- 
ature curve is not followed in most of the practical 
applications, it remains a useful guide for the 
temperature level to be applied in the second 
converter, while, moreover, it may be used for 
checking the performance of the two converters. 
For, from the optimum temperature distribution 
we can calculate the proportion between the 
contact times to be applied for attaining a given 
degree of conversion. Then we know the ratio 
between the amounts of catalyst to be used and 
we are able to check if the reaction conditions in 
the two converters are well adapted to each other. 

A calculation showed that under optimum 
vonditions the ratio of the amounts of catalyst 
necessary to obtain a conversion of from 0 to 
81°, (converter 1) and a conversion of from 81%, 
to 97%, (converter 2) should be 2% The 
actual ratio between the amounts of catalyst in 
the two converters is 27:73. Of course, the 
significance of this agreement should not be 
overestimated. It may be concluded, however, 
that the distribution of the catalyst is rather 
impervious to the temperature distribution. 


Ad. 8. 

It appears that rather large catalyst tablets 
are not very effective. Table 3 shows that only 
45°, and 20%, of the total catalyst surface parti- 
cipate in the reaction at temperatures of 445 and 
570°C, respectively. 

However, reduction 
several consequences: 


of the tablet size has 


(a) As the mean diffusion path becomes smaller, 
the effectiveness of the catalyst will increase. 


In consequence hereof the diffusion will exert 
less influence on the reaction rate, involving a 
rise of the apparent activation energy of the 


(b) 


55 


reaction. This would result in a rise of the 
temperature at which the reaction rate 
reaches its maximum for a given value of 
the conversion. 


(c) The pressure drop of the catalyst beds would 
increase, involving a rise in energy costs. 
Ad, 4. 


Depending on the amount of air used in the 
combustion of the sulphur or the roasting of the 
sulphur 
content 
can be 


pyrite, a gas rich in oxygen and poor in 
dioxide or a gas with a lower oxygen 
and containing more sulphur dioxide 
obtained. 

It follows from 
kinetics of this process and on the 
diffusion in the catalyst tablets that the maximum 
production (P,,,,, to be obtained by following 
the optimum temperature curve) can be calculated 


on the 
internal 


our considerations 


as: 
( cat a. (% SO,), 

The optimum space velocity to be applied is 
proportional to 

V Po, (Pso,)o 

which reaches its maximum value at certain O, 
and SO, percentages. Table 4 shows the corres- 
ponding values of these percentages, besides the 
corresponding values of 


V(% (% 


for n = 1 and n = }. 
Table 4. 
Influence of the O, and SO, concentrations on the reaction 
rate. 


% Og | % SOg | 4/%Oq . +/(%0,)! . %SO, 


5-2 12 7-9 5-2 
6-6 11 8-5 5-3 
78 10 8-8 5-3 
9-0 9 9-0 5-2 
10-6 9-2 5-1 
11-9 7 9-1 49 
13-0 6 8-8 4-7 


A weak maximum is found at 8% SO, and 11% 
SO,, respectively. As, however, the decrease of 
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the reaction rate at increasing sulphur dioxide 
content and decreasing oxygen content ts only 
small, it remains advantageous to operate at the 
highest sulphur dioxide content possible, pro- 
vided that the temperature level is under control, 


Figure 189 BAS F Kmetsch converter 
ca i900 


$O2 


Figure 18° Schroeder converter 
(Gmelin 9°, Fig 48°) 


S02 


S03 


Figure Tentelew-converter 
ca 1900 


3. CONSIDERATION OF THE TRENDS IN TRECHNICAI 
Reaction Desicn 
Finally, we shall examine some aspects of the 
development of the technical oxidation process 
relating to the points discussed in this paper. 
There are several ways of designing the con- 
verters. Three types of converters have been 


known for a long time : 


1. Tube converters ; 


2. Tray converters ; 

3. Combinations of 1 and 2. 
Examples of these converters are shown in 
Fig. 18. As it is diflicult to control the tempera- 
ture distribution in such converters, and, moreover, 


strong influences are exerted by the sulphur 


Figure 19a_ 1.G. Farben converter 


(1938) 
pe 
— le heot exchonger 


Figure 19b Bachelard converter 
(1939) 


sulphur oxdaton 
3 
c 


converter Goscrocr 


Figure 19c Chemico converter 
(1950) 


dioxide content of the gas and by the gas 
velocity, the apparatus according to Fig. 19a 
appeared to be an improvement, In this apparatus 
internal and external heat exchange are combined. 

When improvements in the roasting technique 
made it possible to obtain cheap gases of high 
sulphur dioxide content, a method of cooling by 
supplying cold gases was soon invented (BacuE- 
LARD, 1939, see Fig. 19b). A parallel improvement 


was the application of converters having 3 or 4 
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instead of 2 stages, between which the gases are 
cooled by means of heat exchangers. Also, in 
this the 
optimum temperature curve can be obtained 
One of the 
developments, the Chemico wet sulphuric acid 


manner a better approximation to 


(Simon-Carves Monsanto). latest 


process, is carried out with a concentrated gas 


(12%, SO,), which makes it possible to apply 
direct air cooling (Fig. 19c). 


Thus we see a trend in the converter design to 
bring the temperature distribution in the con- 
verters nearer to the optimum (i.e., as far as 
economical considerations will allow). In the one 
case this is attained by applying several converters 
in series, in the other by direct cooling of the gases. 

The effect of the size of the catalyst tablets 
has been examined in the I.G. laboratories. It 
appeared that reduction of the grain size, while 
aiming at the same degree of conversion, made it 
possible to increase the production capacity [20]. 
For this reason in the Lurgi convertor 6 mm dia. 
cylinders are applied in the first few catalyst 
layers (which layers are operated at the highest 
temperatures). 

In the 
pounds the fluid bed technique has come to play 


technical oxidation of aromatic com- 
an increasingly large part. There is an important 
advantage in the uniformity of the temperature 
in a fluid bed, which, together with the pos- 
sibility of applying higher concentrations of the 
organic compound, is a strong point in favour of 
the application of a fluid bed. 

It is obvious that this is not the case for the 
SO, oxidation : owing to the homogeneity of the 
temperature in a fluid bed a great number of 
reactors would have to be arranged in series in 
order that the optimum temperature course might 
be better approximated. Thus, for this particular 
ease the fluid bed technique loses much of its 
attractiveness. 


NOMENCLATURE 


k = reaction rate constant 


apparent reaction rate constant 


Oxidations carried out by means of vanadium oxide catalysts 


reaction rate 
partial pressure 
pore radius 
Pso, 

at equilibrium with prevailing po 
Pso, 
time of reaction 
maximum depth of penetration 
gas equilibrium constant 
gas-catalyst equilibrium constant 
organic reactant(s) 
catalyst volume 
space velocity 
conversion (fraction converted) 
x 
number of oxygen molecules needed to convert one 
molecule of aromatic compound into the oxidation 
products found experimentally. 
degree of coverage of the catalyst surface by the 
oxygen 
equilibrium 
value of the quantity concerned at « = 0 
value of the quantity concerned at the end of the 
converter 
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DISCUSSION 


Prof. Joe M. Smith: (Purdue University, Lafayette, 
Indiana) 


The authors are to be commended for attempting to 
bring some unification into hinetic phenomena. Their 
scheme of choosing a particular class of reaction and 
specific catalyst appears to be a fruitful way to approach 
this problem. 

In connection with the paper proper, would the authors 
care to comment on the following three points : 

1. It was interesting to note that the measured partial 
pressure profiles in the fluidized bed were not flat. In 
contrast the temperature is generally considered to be 
uniform in such an apparatus and the authors utilized this 
simplification in interpreting their kinetic data. This 
situation would suggest that the transport mechanisms 
for heat and mass are not the same, or at least individual 
mechanisms do not have the same importance in heat and 
mass transfer. Is this due presumably, to the ability of 
the solid particles to carry energy but not significant 
quantities of mass from the surrounding fluid ’ 

2. On the basis of the measured partial pressure pro- 
files, the authors considered that the fluidized bed did not 
behave as a stirred tank reactor, but instead integrated the 
proposed rate equation. This procedure assumes that 
there is no mixing ip the direction of flow, which is some- 
what in contradiction to experimental results of GILLILAND 
and Danckwerts. Would it be possible that some longi- 
tudinal mixing did occur in the fluidized bed and that a 
precise description of the reactor would be somewhere in 
between the stirred tank type, where mixing is complete, 
and the narrow tubular form where mixing is negligible ? 
Perhaps the shape of the partial pressure profiles led the 
authors to conclude that the no-mixing assumption was 
the closest to the actual process. 

3. One of the discouraging features of heterogeneous 
catalysis is that frequently several different mechanisms 
ean be found which describe kinetic data equally well. A 
knowledge of the intermediate products is helpful in such 
circumstances, although their identification is not always 
possible. In this connection a mechanism based upon the 
three steps, adsorption of oxygen on reduced catalyst 
surface, reaction between oxidized catalyst and hydro- 
carbon in the gas phase, and desorption of the oxidiation 
product, leads to a kinetic equation similar to the one 
proposed. By assuming different individual steps to be 
controlling and the others to be close to equilibrium con- 
ditions, it is possible for the resultant rate equation to 
indicate, or not indicate, a maximum rate at certain 
partial pressures of hydrocarbon and oxygen. Would the 
authors like to comment on other mechanisms they may 
have considered ? 


The Author : 


1. Indeed! In our opinion the transport mechanisms 
of heat and mass are not the same in the fluidized bed. 

When dealing with mass transfer to the catalyst surface 
in a fluidized bed no viewpoints differing from those held 
in connection with fixed bed transfer present themselves. 
In a fluidized bed, however, the catalyst particles serve 
as heat accumulators in the removal of heat; these 
particles are cooled as they circulate along the reactor wall. 


A strong homogenization of the gas phase is to be 
expected if the particles also adsorb great amounts of the 
reaction components and hence transport them through 
the bed. 

2. The mixing in the gas phase of a fluidized bed is of 
interest to us in this connection only in so far as we are 
necessitated to make a choice between two extreme 
situations, From our measurements of the partial pressures 
of one reaction component at different heights in the bed 
it is sufficiently clear, in our opinion, that a good approxi- 
mation can be made by considering the bed to be an 
integrating reactor. 

3. Naturally, agreement between a kinetic formula and 
experimental data is not a proof of the correctness of the 
assumed reaction mechanism. In our investigation a 
mechanism made acceptable by experiments (Refs. 1, 2 
and 3) was taken as the basis for a consideration of the 
kinetics. The agreement between the kinetic formula and 
the experimental data makes it superfluous to consider 
other mechanisms and may be held to support the assumed 
mechanism. 


Dr. H. Jockush : (Farbwerke Hoechst A.G., Frankfurt a. 
Main) 


I should like to ask whether the authors accounted for 
the formation of radicals in the course of the reaction. It 
is known that maleic acid is formed also from paraffinic 
hydrocarbons. The formation of maleic anhydride is 
certainly the function of the catalyst surface. This explains 
the fact, that no intermediates are formed. It also explains, 
why crotonic aldehyde is oxidized to maleic annydride in 
the gas phase whereas in the liquid phase crotonic acid is 
formed and it seems to be impossible to surmount the 
barrier even by applying high temperature and pressure. 


The Author : 


In contrast with the oxidation in the liquid phase 
mentioned by you, catalytic oxidation reactions in the gas 
phase do not provide certainty that the reaction proceeds 
via radicals. 


H. A. Cheney : (Shell Dev. Co., Emeryville, Cal.) 


The questioner would like to be informed on the way 
in which the catalyst was made. He further asks whether 
there were any mechanical difficulties and whether 
attrition or “ sticking’ were serious. 


The Author : 


For our investigations we used three catalysts : 

(a) The “1.G. Farben catalyst’ for the preparation 
of phthalic anhydride, which was prepared by impreg- 
nation of potassium sulphate—containing silica gel with 
a vanadyl sulphate solution. (Fiat Final Report No. 649). 

(b) The “ Porter catalyst,” prepared by drenching 
corundum in a solution of vanadium, molybdenum and 
phosphorus oxides in hydrochloric acid. (Am, pat. spec. 
no. 2,204,130). 

(c) A trade-mark catalyst for the oxidation of sulphur 
dioxide containing 7-7°% and 10-6% KgO (carrier : 
kieselguhr). 
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Attrition of the catalyst was serious in the tirst week 
only. After that, the amount of material entrained by the 
gas from the bed was less than 1% of the catalyst weight 
in a week. The amount of gas we used for fluidizing the 
bed was so large that also the particles immediately over 
the grid were caused to move through the bed. 


Dr. C. P. Van Dijk : (Kon./Shell Lab., Amsterdam) 


Temperature on the catalyst surface at the spot where 
the reaction takes place, will be higher than the tempera- 
ture measured. 

The difference will of course increase with higher heat 
of reaction, poorer heat transfer of the catalyst material 
and greater speed of reaction. 

Has any indication of such a difference been obtained 
and what is the influence of such a difference on the 
considerations given ? 


The Author : 


From measurements made by means of a thermocouple 
enclosed in a glass tube, wnich was inserted in the bed at 
different heights, it appeared that the temperature is 
practically the same in all parts of the bed. 

The temperature of the particles themselves is very 
difficult to measure. Calculation of the temperature 
difference between the catalyst particles and the surround- 
ing gas by the generally known heat transfer relations 
showed this difference to be always less than 1°C, 


C. F. P. Bevington : (Imp. Smelting Corp., Avonmouth) 


The essential components of all modern commercial 
vanadium sulphuric acid catalysts are potassium sulphate, 
vanadium pentoxide and silica. In the presence of sulphur 
trioxide under operating conditions the potassium sulphate 
is partly converted to the pyrosulphate—-K2S,07—which 
is molten at temperatures above about 400°C and is able 
to dissolve pentavalent and tetravalent vanadium com- 
pounds. There is evidence that in much of the catalyst in 
a sulphur dioxide converter a liquid phase is present. It is 
possible to prepare this liquid by treating a mixture of 
and with gas mixtures containing appropriate 
proportions of SOg, SO, and Og at temperatures in the 
range 450-600°C, and to use this liquid as a catalyst. The 
Danish workers Torsor and Niritsen* have reported the 


'* Trans. Danish Akad. Techn. Sci. No. 1 (1948). 
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successful operation of a miniature converter in which 
such a liquid was circulated over a packed tower. 

I think any theory of the mechanism of potassium 
sulphate promoted vanadium sulphuric acid catalysts 
must be made consistent with the presence of a catalytic- 
ally active liquid phase in a large proportion of the catalyst 
in the conversion system. 


The Author : 


In our opinion, the fact that part of the catalyst used 
in the SOzg oxidation is present on the carrier in the liquid 
phase (the exact amount depending on reaction conditions, 
especially on temperature, degree of oxidation and potas- 
sium content) has no influence on the consideration of the 
reaction mechanism and the kinetics of the reaction. The 
phenomena described may equally well occur on a liquid 
surface. 


Dr. G. C. A. Schuit: (Kon. /Shell Lab., Amsterdam) 


The conclusion of the analysis concerning the reaction 
mechanism of the oxidation of aromatics over V2Os, 
arrived at by the authors, is equivalent to the assumption 
of a fast reaction between “ oxidized catalyst and hydro- 
carbon, followed by a much slower one between “ reduced 
catalyst and oxygen. If this is accepted, the catalyst 
would be predominantly in the “ reduced” state during 
catalysis. Tnis, however, implies a situation which is 
extremely favourable for partial oxidation, while it is a 
wellknown fact that in V2O5-catalysed oxidation often 
considerable total oxidation occurs. 

Are the authors aware of a possibility of including these 
effects in their mechanism’? Or does the “ total” oxi- 
dation occur as a homogeneous reaction subsequent to 
the catalytic oxidation ? 


The Author : 


From our measurements we concluded that the situation 
on the surface of a * reduced catalyst ” is not particularly 
favourable for obtaining high yields of phthalic anhydride : 
the highest yields were obtained under conditions pro- 
moting strong oxidation of the catalyst. Whether radical 
reactions play a part in this connection is not known to 
us. 
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Preparation of cumene hydroperoxide 


J. P. Forrurn* and H. I. Waterman 


Laboratory of Chemical Engineering, Delft Technological University, Holland 


Summary—Cumene hydroperoxide has been prepared by liquid phase oxidation of cumene 
with molecular oxygen. The oxidation rates and yields are given of experiments carried out in 
a “Pyrex” reactor at 110-130°C. 

Copper was found to be a catalyst for this oxidation. Experiments carried out in a copper 
reactor showed an improvement in reaction rate as well as in yields. At 120°C about 11,6°, wt 
of cumene hydroperoxide was formed in the liquid per hour in a yield of 95°). 

The kinetics of the reaction of cumene with oxygen have been studied. It is shown that the 
diffusion of oxygen in the hydrocarbon can influence the rate of reaction. The results indicated 
a reaction of zero order with respect to oxygen and first order with respect to cumene. The 
apparent activation energy of the non-catalytic oxidation of cumene was determined at 16 
keal /mole. 

For the continuous preparation of cumene hydroperoxide a tubular copper reactor has been 
developed. Evidence has been obtained that in the scaling up of such a reactor the dissipation 
of the heat of reaction will not be a major problem. 


Résumé—L hydroperoxyde de cuméne a été préparé par oxydation du cuméne en phase 
liquide avee de loxygéne moléculaire. On donne les vitesses d’oxydation et les rendements 
obtenus dans des essais faits A 110-130°C dans un réacteur en verre Pyrex. 

Il a été trouvé que le cuivre est un catalyseur pour cette oxydation. Les vitesses de réaction 
et les rendements obtenus dans un réacteur en cuivre étaient plus grands qu’en verre. A 120°C 
il s’est formé environ 11,6°, en poids d’hydroperoxyde de cuméne par heure, le rendement 
étant de 95°). 

Une étude a été faite de la réaction du cuméne avec l'oxygéne. Elle a révélé que la diffusion 
de loxygéne dans lhydrocarbure peut influencer la vitesse de réaction. Les résultats ont indiqué 


. que la réaction est d’ordre zéro par rapport 4 loxygéne et d’ordre un par rapport au cuméne. 
L’ énergie apparente d’activation de loxydation non-catalytique du cuméne a été déterminée ; sa 
valeur était de 16 kcal/mole. 

# Pour la préparation continue de lhydroperoxyde de cuméne on a développé un réacteur 
tubulaire en cuivre et il semble que laggrandissement de ce réacteur ne donne pas des difficultés 
insurmontables en ce qui concerne la dissipation de la chaleur. 


- Zusammenfassung—Kumolhydroperoxyd wurde mittels Oxydation von Kumol mit mole- 
kularem Sauerstoff in der Fliissigkeitsphase hergestellt. Die Oxydationsge chwindigkeiten und 
Ausbeuten von in einem Pyrex-Reaktor bei 110-130°C durchgefiihrten Versuchen werden 
erwihnt. 

Es stellte sich heraus, dass Kupfer diese Oxydation katalytisch beeinflusst. Versuche in 
einem Kupferreaktor wiesen eine Verbesserung der Reaktionsgeschwindigkeit sowie der Ausbeuten 
auf. Bei 120°C wurde stiindlich, mit einer Ausbeute von 95°, etwa 11.6 Gew.°%, Kumolhydro- 
peroxyd in der Fliissigkeit gebildet 

Die Kinetik der Reaktion von Kumol mit Sauerstoff wurde untersucht. Es wurde nachgewiesen, 
dass die Diffusion von Sauerstoff in den Kohlenwasserstoff die Reaktionsgeschwindigkeit 
beeinflussen kann. Die Ergebnisse zeigten eine Reaktion der nullten Ordnung hinsichtlich des 
Sauerstoffs und der ersten Ordnung hinsichtlich des Kumols. Die scheinbare Aktivierungsenergie 
der nichtkatalytischen Oxydation wurde zu 16 keal/mol bestimmt. 

Zum Zwecke der kontinuierlichen Herstellung von Kumolhydroperoxyd wurde ein rohrf6rmiger 
Kupferreaktor entwickelt. Es stellte sich heraus, dass bei der Vergrésserung eines solchen 
Reaktors die Abfuhr der Reaktionswiirme keine besonderen Schwierigkeiten verursamt. 


* Present address: Koninklijke /Shell-Laboratorium, Amsterdam, 
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INTRODUCTION 
Cumene hydroperoxide has acquired technical 
importance as a polymerization catalyst and as 


‘ 


an intermediate in the ‘cumene-process”’ for the 
manufacture of synthetic phenol. The hydroper- 
oxide is now produced commercially by reacting 
cumene in the liquid phase with oxygen or air. 
The main results of our investigation into the 
preparation of phenol from cumene were pre- 
viously published [1]. It was shown that for this 
oxidation process the cumene should be very pure 
so that inhibitors present in the base material 
must be removed by a suitable chemical treat- 
ment. The cumene could be readily autoxidized 
in a copper reaction vessel, the copper wall of 
the reactor acting as the oxidation catalyst. 
Cumene hydroperoxide was obtained as a solution 
in an this 


solution the hydroperoxide was decomposed into 


excess of unconverted cumene. In 
phenol and acetone by means of sulphur dioxide 
as a catalyst. 

The present paper deals specifically with the 
preparation of The 
characteristics of the oxidation were first studied 


cumene hydroperoxide. 


in a “Pyrex” glass reactor. Subsequently, when 
the use of copper as a catalyst had shown to lead 
to a better yield and a higher rate of reaction, a 
copper vessel was taken for the oxidation. 

The kinetics of the reaction of cumene with 
oxygen were also studied. The results of this 
investigation were of interest for the design of a 
reactor for the continuous preparation of cumene 
hydroperoxide. The performance of this tubular 
reactor was so encouraging that it is believed to 
be suitable for application on a larger scale. 


Liqeuip Puase OxipaTION or CUMENE 
It is assumed that the autoxidation of hydro- 
carbons in the liquid phase proceeds according to 
a free radical chain mechanism, a hydroperoxide 
being the first oxidation product formed. Appre- 
ciable yields can be achieved if the hydroperoxide 
is stable under the conditions of the reaction — as 
may for instance be the case with isopropylben- 
zene hydroperoxide. The 
catalysts, i.e. the soluble salts of the transition 


common oxidation 


metals, cannot be used here as they tend to 


decompose the hydroperoxides formed. 


: Preparation of cumene hydroperoxide 


An important factor influencing the oxidation 
rate is the purity of the feed, as small amounts 
of inhibitors (such as sulphur compounds, phenols, 
aniline or styrenes) present in the hydrocarbon 
may break the reaction chains. 

The oxidation reaction is generally preceded by 
an induction period. A maximum oxidation rate 
is only attained if a certain hydroperoxide con- 
centration is built up in the liquid. The induction 
period can be eliminated by adding a hydro- 
peroxide to the hydrocarbon to be oxidised before 
the reaction is started. 

These characteristics showed up clearly in our 
investigation, in which thoroughly purified cumene 
was used. 

Bast MATERIALS 

The crude cumene was distilled and then treated 
with sulphuric acid followed by a treatment with 
aqueous mercuric acetate solution (see Ref. 1). 
Physical constants of the cumene: b.p. 152-0- 
152-5°C, nj 1-4913, lit. values b.p. 152-3°C and 
nj 1-4913 [2]. 

Commercial oxygen containing at least 99°, O, 


or filtered air were used as oxidants. 


Metruop or ANALYSIS 
The hydroperoxide concentration in the oxidised 
liquids was determined by an iodometric method 
[3], The yield of the reaction was computed from 
the hydroperoxide content and the total oxygen 


content of the liquid. 


RESULTS 
Oxidation of 200 ml. of cumene with oxygen in 
a stirred “Pyrex”’ glass apparatus (stirring speed 
1,200 r.p.m.) at varying temperatures gave the 


results collected in Table 1. The induction period 


Table 1. 
Oxidation of cumene in a “ Pyrex” reactor 


Maximum oxida- 


l'emperature Length of tion rate % wt. | Yield 
Cc induction period hydroperoxide % 
hours formed per hour 
110 6 14 90-2 
120 1} 8-1 84-3 
130 1 10-0 74-6 


j 
we 
: 
UPP. 
954 
¢ 
; 
| 


CONFERENCE ON 


was taken to be at an end when the maximum 
oxidation rate had established itself. 

When the oxidation was carried out with air 
instead of with oxygen, the maximum oxidation 
rate at 110°C was 41% wt of cumene hydro- 
peroxide formed per hour. Hence, about the 
same rate of oxidation was observed with air as 
with oxygen in this apparatus. 

The material balance of the oxidation was 
drawn up from an experiment carried out in the 
“Pyrex” reactor, in which cumene was oxidized 


with oxygen at 120°C during 6 hours. The 
resulting liquid was carefully analysed. In 


Table 2 the results of the analyses are expressed 
as moles of material formed per 100 moles of 
cumene converted. 


Table 2. 


Moles of compounds found per 100 moles of cumene 


converted. 


cumene hydroperoxide 80-1 
dimethylphenylearbinol 14-7 
water 3-4 
acetophenone 
methanol 0-5 
carbon dioxide 


It is seen that the tertiary alcohol «, « dimethyl- 
phenyl-carbinol is the most important by-product 
formed. 

When the oxidation in the “Pyrex” reactor was 
carried out in the presence of 0-5°, wt of finely 
divided copper as a catalyst the maximum oxida- 
tion rate at 110°C increased to 7-3°,, wt of cumene 
hydroperoxide formed per hour. 

The same catalytic effect of copper metal was 
observed when the oxidation was carried out in 
a copper vessel equipped with a copper stirrer. In 
this reactor the rate of reaction increased while 
the yield was higher than in the case of an 
oxidation in a glass reactor at the same tem- 
perature. The data are collected in Table 3. The 
experiments were done with 200 ml. of cumene 
and a supply of 25 litres of oxygen per hour. 

It should be noted that the experiment at 
130°C gave a 25°, conversion in the first hour of 
reaction and only an additional 9-4°%, in the 


second hour. No induction period was observed 
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Table 3. 
Oxidation of cumene in a copper reactor. 


| 
Temperature (Cxidation rate %, wt. cumene 


Cc hydroperoxide formed per hour Yield 
120 11-6 95 
130 25-0 81 


in this reactor. Before each experiment the inner 
surface of vessel and stirrer were rinsed with 
fuming nitric acid (spec. gr. 1-52), washed with 
water, and dried. The stirring speed was 880 
r.p.m. 

At 120°C uniform, high yields were obtained 
in the copper reactor. The rate of production of 
cumene hydroperoxide under the conditions 
employed could be calculated at about 100-120 
grams per litre per hour. 

For comparison two other reactors and stirrers 
were constructed, identical in shape to the copper 
reactor but now made of stainless steel and 
Under exactly the same conditions the 


hydroperoxide formation 


brass. 
rates of 
appeared to be as follows : 


cumene 


in copper 22-3 
in brass 17-2 
in stainless steel 41 


The copper reactor showing definite advantages 
it was decided to make use of the copper catalyst 
to study the continuous preparation of cumene 
hydroperoxide. For the choice of the type of 
reactor a study was first made of the kinetics of 
the reaction of cumene with oxygen. 


Kinetics oF CUMENE OXIDATION 
The experiments were made in a “Pyrex” glass 
reactor (see Fig. 1). This small vessel permitted 
the oxidation of 0-3 gram mole of hydrocarbon 
per run at a constant temperature, which was 
maintained by placing the reactor in the vapour 
of a boiling liquid. 

Several variables were studied in this apparatus 
by measuring the rate of oxygen absorption under 
various The volume of oxygen 
absorbed was reduced to 0°C and 760 mm mercury. 


conditions. 
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Fig. 1. Assembly for kinetic experiments. 

(a) Stirring speed 

When oxygen is bubbled through cumene at 
100-120°C the oxidation rate will be governed 
partly by the rate at which the gas diffuses into 
the liquid. By rapid stirring the diffusion may 
be eliminated as the rate-determining factor. 


OXYGEN 
AB SORPTION 
500} 
500} 
/ 2 3 
TIME, HOURS 
Fig. 2. Effect of stirring speed. 
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Above a certain critical stirring speed the maxi- 
mum oxidation rate is no longer affected, and 


hence the real chemical reaction rate is then 
measured. 
Fig. 2 shows the oxygen absorption curves of 


two experiments carried out in the small reactor 
at 110-5°C with stirring speeds of 1,850 r.p.m. and 
The slopes of the 
curves differ by 4%. The critical stirring speed 


3,600 r.p.m., respectively, 


was about 2,500 r.p.m. in this apparatus, no 
further the 
observed at higher velocities. All further experi- 


increase in maximum rate being 
ments were carried out with a minimum speed 


of 3000 r.p.m. 


(b) Concentration of oxygen 


At 110-5°C the maximum oxidation rate using 
pure oxygen (760 mm) as the oxidant amounted 
to 540 ml. of O, absorbed per 9-3 gram mole cu- 
mene per hour. The partial pressure of oxygen 
760 
160 mm by mixing the gas with nitrogen. 
the 


observed in this region of oxygen concentrations. 


and 
No 


was 


in the gas was now varied between 


decrease in maximum oxidation rate 
Lower partial pressures of the oxygen were not 
studied. The reaction is apparently of zero order 
with respect to oxygen. 

It should be pointed out that the oxygen con- 
centration might influence the oxidation rate if 
the gas diffusion has a determining effect. In 
this 


above atmospheric, might favour the rate of 


case an increase in oxygen pressure, i.e. 


hydroperoxide formation. 


(c) Concentration of hydrocarbon 


The effect of the hydrocarbon concentration on 
the oxidation rate was studied with mixtures of 
In Fig. 3 the 
maximum oxidation rates of these mixtures are 
It is 
seen that the rate is about directly proportional 
to the first 
reaction with respect to cumene. 


cumene and monochlorobenzene. 
plotted against their molar concentrations. 


concentration, indicating a order 

The maximum oxidation rate of solutions of 
cumene more dilute than 2 gram moles per litre 
could not be determined exactly owing to the 


low volume of oxygen absorbed per hour. 
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CONCENTRATION 
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Fig. 3. Effect of hydrocarbon concentration. 


(d) Temperature 


Oxygen absorption curves were determined at 
three different temperatures. 3°, wt of cumene 


hydroperoxide was added to the cumene before 


these runs were started, with the object of 


shortening the induction periods. A very pure 
sample of cumene hydroperoxide was used for 
this purpose. It was proved in a blank experiment 
that the addition of the hydroperoxide did not 
affect the maximum oxidation rate of the cumene. 


N ABSORPTION 


wTP 
REACTION TEMPE RATURE 

ass 

7 
c 
Zz 
2 3 4 ‘ é 7 


ATION TIME, HOURS 


big. 4. Effect of temperature. 


Fig. 4 shows the results of the experiments. The 
maximum oxidation rates determined from the 
slopes of the curves are given in Table 4. 


Table 4. 


Maximum oxidation rate of cumene at several temperatures. 


Temperature Maximum ovidation rate in ml. of oxygen 


Cc absorbed per 0-3 gram mole of cumene per 
hour 
97-0 250 
105-0 398 
111-5 570 
T,T; K 
Using the formula E = 2. In [4] a 


mean value of 16 keal per mol was found for the 
apparent activation energy of the reaction of 
cumene with oxygen under these conditions. 


Continuous OXIDATION OF CUMENE 


Following the results outlined in the preceding 
paragraphs an oxidation system was now devel- 
oped for the continuous preparation of cumene 
hydroperoxide from cumene. 

A copper vessel of 400 ml. capacity provided 
with a high speed stirrer (2,000 r.p.m.) was used 
as the reactor. Cumene and the gas could be 
fed in and the oxidized liquid could be discharged 
or circulated continuously. 

After one hour of reaction in this apparatus 
the oxidation of 200 ml cumene at 120°C with an 
oxygen gas rate of 25 litres per hour resulted in 
a 20°, wt cumene hydroperoxide solution. This 
means a production of approximately 180 grams 
of cumene hydroperoxide per litre per hour. 

However, when the experiment was continued 
with a continuous feed of fresh cumene the rate 
of hydroperoxide formation dropped rapidly 
within the next few hours to a value as low as 
9 grams per litre per hour. It was shown that 
inhibition of the oxidation was caused by con- 
tamination of the cumene with packing materials, 
mainly from the stirrer. 

As it was known that cumene is very sensitive 
to traces of impurities and the contamination of 
material caused by such a high speed stirrer 
remained a problem, another reactor was designed 
without rotating parts. 

This reactor consisted of a vertical copper tube 
1,250 mm long, internal diameter 24 mm (see 
Fig. 5). 
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Fig. 5. Continuous oxidation of cumene. 


Copper rings were used as the packing material 
for the flanges at both ends. Valves were made 
of brass with graphite on asbestos for packings. 

Before each experiment the inside of the copper 
tube was etched with fuming nitric acid (specific 
gravity 1-52), then washed with water and dried. 

For batch experiments the reactor was filled 
with 500 ml. of cumene per run. The results of 
some of these experiments are given in Table 5. 

In the experiments 2 and 4 the reactor was filled 
with copper turnings. 


In experiments 1 and 2, carried out with 
oxygen as the oxidant the rates of production of 
cumene hydroperoxide are 101 and 126 grams 
per litre per hour, respectively. This is lower 
the 180 


mentioned stirred 


than obtained with the just 


Apparently, the 
diffusion of the oxygen in the liquid partly deter- 


grams 
reactor. 


mines the rate of hydroperoxide formation in the 
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Table 5. 


Batch experiments in the tubular reactor. 


tubular reactor. In agreement with this, an even 
lower production rate was observed in experiments 
3 and 4 where air was used as the oxidant. Super 
atmospheric pressures may be expected to be 
advantageous when a tubular reactor is used for 
this oxidation. 

The tubular reactor gave a satisfactory per- 
formance in continuous experiments. These runs 
were started by pressing 500 ml. of cumene into 
the reactor, heating to 120°C and thereupon 
oxidizing to the desired cumene hydroperoxide 
continuous stream of 
the the 
excess liquid in the reactor soon passed the 


concentration. Then a 


cumene was introduced at bottom ; 


overflow through the cooler into the receiver. 


In a run of 114 hours with a feed of 190 ml. 


of cumene per hour a continuous stream of 
oxidized cumene was obtained in this way, with 
an average content of 21°, wt of cumene hydro- 
peroxide. 

It is assumed that backmixing of liquid into 
the reactor took place here, so that the oxidation 
was carried out more or less under steady state 
conditions. 


97.7 


The heat of reaction amounts to 27-7 kcal per 
mole of cumene hydroperoxide formed [1]. In 
the last experiment about 37 grams of cumene 
hydroperoxide was formed per hour in a reactor 
of 0-5 litre. This means a production of approxi- 
mately 0-5 mole per litre per hour or 13,850 cals 
heat generated per litre reaction volume per hour. 


About 340 grams of cumene has to be fed into 
such a reactor per hour, to get a solution of about 


20°, cumene hydroperoxide. When the cumene 


Rate 


Experiment 
No. 


Gas 


1 oxygen 25 117 
2 oxygen 25 116 
air 116 
4 air 65 116 


Reactor Temperatures 
Ll. /hr t 


Grams cumene 
hydroperoxide 


Remarks 


prepared per hour 


120 120 DOS 
120 121 63 copper turnings 
120 121 25°5 
120 121 33 copper turnings 
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is introduced cold, say at 20°C, an amount of 
340 =x 0-5 x 100 = 17,000 cals is needed to heat 
the cold feed to the reaction temperature of 120°C 
(specific heat of cumene in the temperature range 
taken at 0-5 cal/g °C). Hence, the heat evolved 
during the reaction can be controlled by feeding 
the cumene at a slightly elevated temperature. 
Even if a higher oxidation rate can be obtained 
or if the cumene hydroperoxide is discharged at a 
higher concentration it may be expected that the 


heat of reaction can be removed sufficiently 
by: a. feeding cold cumene; 6. jacketing the 
reactor tube and cooling with steam or water, 
taking a certain temperature gradient. 

The authors wish to express their gratitude to 
Dr. J. J. Verstarren for doing part of the 
experimental work. Thanks are due to the 
management of N.V. de Bataafsche Petroleum 
Maatschappij, The Hague, for permission to 
publish this paper. 
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The development of a process for the manufacture of 
p-tertiary-butylbenzoic acid 


R. M. Core, A. W. Farrearrn and K. D. Deriine 


Shell Development Company, Emeryville, California 


Summary—A process has been developed for the manufacture of para-tertiary-butylbenzoic 
acid. It is based on blowing air through hot liquid para-tertiary-butyltoluene in the presence 
of catalytic amounts of cobalt. The product is recovered by cooling the reactor effluent to 
crystallize the tertiary-butylbenzoic acid. The crystals are separated by centrifuging and washed 
with fresh feed and hot water. This process has been carried through the laboratory and pilot 
plant stages and commercial quantities are now being offered. 
features of the process and also offers some speculations as to the nature of the reactions occurring 
in the oxidation step. 


The paper describes various 


Résumé—On a mis au point un procédé de fabrication de l'acide para tertiaire butyl ben- 
zoique. Le principe consiste a souffler de l'air 4 travers le para tertiaire butyl toluéne liquide 
chauffé en présence de cobalt comme catalyseur. La récupération se fait par refroidissement 
du produit sortant du réacteur, provoquant la cristallisation de l'acide para butyl tertiaire 
Les cristaux sont séparés par centrifugation et lavés avec le produit d’entrée frais 
et a l'eau chaude. Le procédé a déja parcouru les échelles de laboratoire et d’usine pilote. Les 
quantités de produit obtenues sont actuellement mis sur le marché. 
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benzoique. 


Les auteurs décrivent différents aspects du procédé et présentent quelques suggestions quant 
4 la nature des réactions qui se produisent pendant la phase d’oxydation. 


Zusammenfassung—Ein Verfahren fiir die Herstellung von p-Tertiaérbutylbenzoesiure wurde 
entwickelt. Es beruht im wesentlichen auf einem Durchblasen von Luft durch heisses fliissiges 
p-Tertidrbutyl-toluol in Gegenwart von Kobalt als Katalysator. Durch Abkiihlen des abfliess- 
enden Reaktorproduktes kristallisiert die p-Tertiirbutyl-benzoesiure aus. Die Kristalle werden 
durch Zentrifugieren abgeschieden und mit frisch zugefiihrtem Einsatz-material und Heisswasser 
gewaschen. 


Die Untersuchungen im Laboratorium und die Priifung des Verfahrens in der Versuchsanlage 
sind jetzt beendet und das Produkt wird auf den Markt gebracht. 

Einige Eigentiimlichkeiten des Verfahrens werden beschrieben und es wird versucht die Art 
der in der Oxydationsstufe vor sich gehenden Reaktionen abzukliren. 


INTRODUCTION 
The use of dibasic aromatic acids in the United 


Therefore, exploratory research was undertaken 
to test these assumptions. 


States has reached a very large scale. In 1952 the 
production of phthalic anhydride was about 230 
million pounds. Figures for terephthalic acid are 
not reported but are probably in the range of 50 to 
100 million pounds. By contrast, the sale of 


technical benzoic acid, the only commercial 
representative of the monobasic acids, was less 
than 1 million pounds. 

In considering this situation, it occurred to us 
that possibly some substituted benzoic acids 
might find wider usage than benzoic acid itself. 
Furthermore, liquid phase oxidation appeared to 


be a potentially good method of manufacture. 
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It was found that para-tertiary-butylbenzoic 
acid and some other tertiary-substituted benzoic 
acids could be produced in good yield by simply 
blowing air through the hot, liquid hydrocarbon 
in the presence of catalytic amounts of cobalt. 
Single stage crystallization sufficed to give a 
After some further 
process development studies in the laboratory, 
a pilot plant with a capacity of about 1000 pounds 
of tertiary-butylbenzoic day was 
Successful operation of this unit 


product of good quality. 


acid per 
assembled. 
enabled us to prepare a practical commercial 
design. 


2 
bad 
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In starting our work, the first step was a 
literature search. This did not prove as helpful 
as might have been expected. Most of the early 
work on the oxidation of aromatics made use of 
chemical or electro-chemical agents. However, a 
limited amount of work on liquid phase oxidation 
using molecular oxygen provided some clues. 
Firstly, it was possible to partially oxidize aro- 
matics without complete combustion. Secondly, 
the reaction rate could be accelerated by a 
number of heavy metal catalysts. Thirdly, in 
most cases a variety of products were obtained 
making it appear difficult to get any one of them 
in good yield or purity. 

Despite this last discouraging indication, 
exploratory research soon turned up a promising 
lead. Tertiary substituents, such as tertiary 
butyl, tertiary amyl, and tertiary octyl, are so 
resistant to oxidation that good yields of the 
corresponding substituted benzoic acids can be 
obtained even though the required conditions for 
oxidation are relatively severe. Furthermore, 
evaluations of these products indicated that they 
might find important uses, particularly in the 
surface coatings industry. Para-tertiary-butyl- 


100 


benzoic acid (p-TBBA) was selected as the most 
promising and a programme of process develop- 
ment and market evaluation carried out. 


The Chemistry of the Process 


The overall reaction is : 


CH, 
CH, —C —CH, CH, —C —CH, 
3 J 3 3 
Catalyst 
| | + 140, > | |+H,0 
OH 


However, this is the sum of a series of complex 
reactions which are not well understood. It has 
been suggested that for the oxidation of tetralin 
[1], [2] and ethylbenzene [3] the reaction proceeds 
through three stages. 


Stage I. A _ slow accelerating stage during 
which most of the oxygen uptake 
goes to an accumulation of hydro- 
peroxide ; 


Oxygen Conversion, % 


i 
° i 2 5 


i i 
4 


Time, hours 


Fig. 1. Oxygen conversion at various times in the batch 
oxidation of tertiary-butyltoluene with air. 
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Stage II. A steady oxidation at a relatively 
high level of hydroperoxide concen- 


tration ; 


Stage III. A_ period during which oxidation 
generally decelerates by means of a 


complex series of reactions. 


This general pattern may well be followed in 
the oxidation of tertiary-butyltoluene and can be 
inferred from the variation of oxygen conversion 
with time as illustrated in Fig. 1. There are also 


indications that the peroxide concentration 
reaches a peak during the first hour and then 
declines. 

However, the decomposition of the hydroper- 
oxide may follow quite a different course from those 
suggested by tetralin or ethylbenzene. It has been 
postulated that the hydroperoxide may undergo 
decomposition to give tertiary-butylbenzaldehyde 
and water. The benzaldehyde further oxidizes 
to tertiary-butylbenzoic acid. 


Stace I 
H catalyst 
(1) H+0O, >X +? 
H 
CH, 
where R represents CH, 4 é and X isa 
chain initiator 
CH, 
H H 
(2) R—-C-H+X >R—-C + XH 
H 
H H 
(3) R—C'+ 0, > R-C—O—O’ 
H H 
H 
li H 
(4) 
H H H 
H 
(5) R—-C—O-—O-H >R—-C—O + ‘OH 
H 


Stace II, 
Chain Starting 


H H 
(1) R—C—H + ‘OH————-~+R-—C + HOH 
H H 


Chain Propagation 


i H 
(2) +O, 
H H 
H H H 
(3) R—C—O—O’ + R—CH, > RC—-O—O—-H + RC 
H H H 


Chain Stopping 
Association of any two radicals to give a molecule 
or destruction of radicals on solid surfaces leads 
to chain termination. 

Other 
expected. One is the rearrangement 


reactions are to be 
of the 
hydroperoxide to give phenols and formaldehyde. 


decomposition 


H H* 
R—C—OOH — >» R—-OH HCH 
H 


There is also produced a complex mixture of high 
boiling, oxygenated but non-acidic material which 
has not been resolved. 

In testing these hypotheses, the following 
observations were made : 


(1) Various organic hydroxy compounds are 
temporary inhibitors, in the sense that they 
will slow down an active, cobalt catalyzed 
reaction (Stage II). However, they may 

completely inhibit the initiation of a batch 

reaction (Stage I). 


(2) Acetone, dissolved water and tertiary-butyl- 
benzoic acid have little effect. 

(3) Free water, sodium hydroxide and sulphur 
dioxide stop the reaction by extracting or 
deactivating the catalyst. 

(4) Peroxidic compounds are initiators 

< . 
(5) Aldehydes 


alcohols and phenols are slowly consumed. 


oxidize very rapidly whereas 


Catalysts not only promote the formation of 
hydroperoxide but also influence its decomposi- 
tion. Less selective catalysts than cobalt lead to 
high concentrations of phenols in the product. 
The following data, although not all obtained 
under identical conditions, give some indication 
of the magnitude of the differences. 
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Catalyst Phenol, ppm 
Cobalt 20-70 
Manganese 20-140 
Iron 1,700 
Chromium 11,500 


Our work on the mechanism of the reaction, 
which has been sketched only in broad outline 
above, was undertaken primarily in the hope 
that a better understanding would lead to a 
better process. The results, while not conclusive 
from an academic point of view, did lead to a 
number of conclusions useful to the process 
designer. 


(1) A moderate conversion of the hydrocarbon 
should be used to achieve a high rate of oxi- 
dation. 


(2) Water should be removed as fast as it is 
formed. 

(3) Since the intermediates tertiary-butylbenzal- 
dehyde and tertiary-butylbenzy! alcohol are 
part of the reactor effluent, staging or recycle 
of the mother liquor from the product crystal- 
lizers should be employed to get maximum 
yield, 

(4) Certain active catalyst poisons should be 
avoided. 


Process VARIABLES 
I. Catalysts 
Exploratory research indicated that a number of 
heavy metals would catalyze the reaction. How- 
ever, none have been found which are more active 
or selective than cobalt. 


Re- 
action TBT TBBA 

Conc. Temp. Time, Conv. Yield 
Metal Form ppm C. hours % mm 
Cobalt Naphthenate 200 168 4 69 67 
Manganese Acetate 360 58 53 
Chromium Naphthenate 650 169 7 (35) 
Iron Naphthenate 200 200 2-5 14 


Most of our work has been done with cobalt 
naphthenate. Experiments with the acetate, 
acetylacetonate, isovalerylacetonate, octoate and 
tertiary-butyl-benzoate indicated that any soluble 
form of cobalt could be used. 

The influence of catalyst concentration on the 


instantaneous oxygen conversion at various time 
intervals was studied in a series of batch reactions. 


Cobalt Instantaneous ©, Oxygen Conversion at : 
Concentration 

ppm 0-5 hr LAr 2 Ars 4 hrs 6 hrs 

2 80 93 B4 49 23 

8 75 92 O8 92 76 

7 92 99 8S 

392 60 76 BS 7 65 

784 sO 89 oF 92 80 


These data would lead one to conclude that the 
optimum catalyst concentration was about 40 
parts per million. However, it was found that 
at low catalyst concentrations, even a trace of 
contamination would tend to prevent initiation 
of the reaction ; accordingly, higher cobalt con- 
centrations were customarily used. There is also 
evidence that the higher concentrations may give 


a slight yield advantage. 
SUPF 

Il. Operating Variables 1954 

A. Temperature 


At constant conversion, increasing the tempera- 
ture decreases the yield somewhat, particularly 
above 170°C. This is illustrated in Fig. 2. In- 
creasing the temperature also speeds up the 
reaction. By interpolation, the following approxi- 
mate values were obtained for the residence times 
required to reach 50°, TBT conversion : 


Temperature Residence 
Cc. time, hrs 
200 1-2 
168 2-3 
150 5 
135 8 


B. Conversion 


It was noted above that at high conversions, the 
reaction rate decreases. In addition, the con- 
version is limited to a maximum of about 60°, 
by the fact that the concentration of TBBA in 
the reactor effluent becomes so high as to cause 
mechanical difficulties in the product recovery 
section. Increase in conversion has a moderate, 
but not always consistent, effect on chemical 
yield, with an increase in non-acidic by-products. 
This is illustrated in the following pair of experi- 
ments : 


q 
4 
J 
y 
if 
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TBT TBBA Non-acid by-products 
Conversion %, Yield %m Yield % wt 
47 79 15-2 
69 67 25-1 


C. Pressure 


Pressure appears to have no influence on the 
reaction except that it may facilitate the solution 
of oxygen. From a practical viewpoint, a moderate 
pressure is desirable to minimize losses in the vent 
gas. At 75 lb. persq.in. gauge and 50°C con- 
densing temperature, tertiary-butyltoluene losses 
amount to about 1°%, of the feed. 
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The air was introduced at the bottom through a 
disperser but no mechanical stirrer was used. 
Additional tests in a one gallon autoclave indi- 
cated that equivalent results were obtained. This 
unit had an open air inlet but contained two 
paddle type stirrers rotated at 1760 r.p.m. 

Pilot plant studies were carried out in a 100 
gallon autoclave, 30-inches in diameter. The 
stirrer consisted of a 2-bladed flat paddle, 12 
inches in diameter. It revolved at 276 r.p.m. 
inside of a ring containing 6 inclined baffles. With 
an open air inlet, low oxygen conversions were 


100 
TBT Conversions 
51% 
52% 47% 
42% 
Yield TBBA, %m 
60} 
> 
40r 
= Yield Non-Acid 
Products, %m 
130 150 170 190 210 230 


Temperature, *C 


Fig. 2. Yields of TBBA and non-acid products at various temperatures. 


On the other hand, excessive pressures not only 
add to equipment costs but also make stripping of 
water from the reactor more difficult. The most 
useful range appears to be from about 30 to 400 
lb. per sq. in. gauge. 


D. Miring 


Much of the laboratory work was carried out in 
a 2-inch diameter stainless steel pipe, 2 feet long. 


obtained. However, when the air was introduced 
through a sparger ring just below the stirrer, good 
conversions were obtained even at air rates 
equivalent to 1-5 moles of oxygen per hour per 
mole of feed. At equal conversions, the air rates 
and the amount of mixing did not appear to affect 
the yield. However, it may well be that our range 
of conditions was not wide enough to demonstrate 


the effect. 
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IV. Feed Purity 
The only significant impurity normally present 
in the para-tertiary-butyltoluene was a small 
amount (3 to 7°) of meta-tertiary-butyltoluene. 
This is difficult to separate by distillation because 
of the boiling point of 189-4°C compared to 
192-8°C for the para isomer. It oxidizes readily 
to meta-tertiary-butylbenzoic acid, but the acid 
does not crystallize under the conditions used for 
product recovery (see below). Thus the m-acid 
does not contaminate the product. However, it 


increasing the yield is to stage the reaction (with 
removal of crystalline acid between stages) or to 
recycle the mother liquor after removal of the 
acid. Either scheme has a further advantage in 
that the mother liquor contains a considerable 
amount of unrecovered acid. This is concentrated 
on repassing and less is lost with the discarded 
heavy ends. The combined effects of these two 
factors are shown in Fig. 3 for four successive 
stages of operation. Equivalent results are 
obtained by recycling the mother liquor from 


100 
° 

% 
> 
7 
i 

$0 i i i i 

30 40 $0 60 70 60 90 100 


Cumulative tertiary -Butyltoluene Conversion, % 


Fig. 3. Multi-stage liquid phase catalytic oxidation of 
tertiary-butyltoluene to tertiary-butylbenzoic acid. 


solubilizes the para-acid so that the net recovery 
is lowered. 

Because of the possibility that the feed might 
be contaminated with secondary-butyltoluene, 
this material was also tested. It is readily oxidized 
to a variety of products which also solubilize 
p-TBBA. 

It is concluded that, as in most processes, it Is 


desirable to have as pure a feed as can be obtained. 


V. Staged or Recycle Operation 
Since the product of the reaction contains 
oxidizable intermediates, one obvious method of 


the crystallizer, with a bleed to remove heavy 
ends. 

VI. Batch versus Continuous Operation 
Because of the oxidation stability of the end 
product, tertiary-butylbenzoic acid, it acts as an 
inert diluent in the reactor. Therefore, equivalent 
results can be obtained by either batch or con- 


tinuous processing. 


VII. Product Recovery 
. 
Ihe basic recovery scheme is to cool the reactor 
effluent to precipitate a crop of para-tertiary- 
butylbenzoic acid crystals. These are separated 
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by centrifugation, washed with fresh feed and 
hot water and dried. However, it was necessary 
to of to this 


basically conventional process. 


make a number modifications 


A. Dibasic Acid Removal 


About 1%, of the feed goes to terephthalic acid, 
which is insoluble in the hot liquid product. It is 
removed by hot filtration on leaf filters. 


100 
80 O p-TBT 
0 First Mother Liquor 
A Second Mother Liquor 
60 © Third Mother Liquor 


Solubility, Sw 


oh 
, 
2 i i i 
C) 20 40 60 80 100 
Temperature, *C 
Fig. 4. Solubility of tertiary-butylbenzoic acid in mother 


liquors. 


B. Cobalt Removal 


A substantial part of the catalyst is usually 
removed with the dibasic acid. However, to get 
consistently low cobalt analyses in the finished 
product, it is necessary to give the hot filtered 
product a wash with about 10°, w of water at 


about 95°C. 


c. 
The solubility of TBBA in the mother liquor as a 
function of temperature is illustrated in Fig. 4. To 


Cooling 


get good recoveries, it is desirable to reach tem- 
peratures no higher than 20 to 30°C. However, 
freshly precipitated TBBA crystals stick to the 
walls of the vessel and quickly build up a thick 
layer, which is a very effective insulator. 

This problem was solved by injecting water 
into the crystallizing tank and then pulling a 
vacuum to evaporate the water. This evaporative 
cooling proved to be quite efficient in rapidly 


cooling the crystal slurry. 


D. Washing the Crystals 
The crystalline product has normally been 


separated by batch centrifugation. In the early 
work, the adsorbed mother liquor was removed 
with a light hydrocarbon wash. This was quite 
effective but the added complications of recover- 
ing the wash liquid led us to substitute fresh 
The excess TBT was, in 
The TBT, 


after separating the water, was fed to the oxidizer. 


tertiary butyltoluene. 
turn, removed with a hot water wash. 


This simpler scheme proved to be equally satis- 
factory. 
E. 


The wet crystals from the centrifuge contain 


Drying 


about 7°, water and a small amount of tertiary- 
butyltoluene. Because of the high melting point 
(166°C) of TBBA, drying is not difficult. Various 
types of 
vacuum batch dryers, rotary tray dryers, pan 


conventional equipment including 
dryers and dispersion dryers have been tested or 
considered for this service. Another technique 
which proved suitable was to melt the acid, thus 
flashing off the water. 


a rotary drum flaker. 


and then cool the melt on 


Process Desicn 
I. The Reaction Section 
Fig. 5 is a simplified flow diagram of the oxidation 
section of plant to manufacture p-TBBA. It may 
be used for either batch or continuous operation. 
Feed Storage (not shown) presents no problems as 
long as it is reasonably clean and dry and does not 
introduce suspended rust the 
The injection of the catalyst into the 


or water into 
reactor. 
feed just ahead of the reactor has been found to 


be a useful precaution 
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The reactor serves both as a gas-liquid mixer 
and as a heat exchanger. The mixing problem has 
been mentioned above. The heat of reaction, 
amounting to about 185,000 BTU per pound mole 
of oxygen consumed, is dissipated partly by 
heating the cold feed, partly by evaporating 
liquid which is condensed and refluxed to the 
reactor, and partly by exchange through the 
walls or into coils. These latter surfaces gradually 
become fouled by a deposit of terephthalic acid. 
They are readily cleaned by washing with hot 
sodium carbonate solution. 

The filter for dibasic acid removal should be 
located close to the reactor and the connecting 


Air from 
Compressor 


OXIDATION 


Condenser 


Catalyst Feed 


PROCESSES 


designed to have continuous water washing but 
batch crystallization. The water wash section 
has only two special features. Firstly, it must 
be kept hot to prevent precipitation of TBBA 
crystals. Secondly, the mixing of the water and 
the organic phase must be adequate to extract 
the cobalt but not so severe as to create stable 
emulsions. A small centrifugal pump, running 
backward, meets these requirements. 

The crystallizing section is conventional except 
for the evaporative cooling, mentioned above. One 
tank is filled while the other is being cooled and 
the crystals separated from the mother liquor. Part 
of the mother liquor is discarded after recovering 


Vent Cas 


O, Analyzer 
and Recorder 
Accumulator 


Water of Reaction 


Crude TBBA to 


Crystallizing 
Tank 


Mother 
Liquor 


Solids 


Recycle 


Fig. 5. Simplified process flow-diagram of tertiary-butyl- 
benzoic acid pilot plant-reaction section. 


This 
makes it necessary to operate the filter at the 
same pressure as the reactor. Both the line and 
the filter must be kept hot to prevent precipi- 
tation of TBBA. The filter itself is a removable 
Use of canvas slip covers over the 


line should not contain any restrictions. 


leaf type. 
leaves makes it unnecessary to precoat with a 
filter aid. 

All parts of the reactor section beyond the 
point of catalyst or mother liquor injection are of 
stainless steel construction. Type 316 is preferred. 


Il. Recovery and Purification 


Fig. 6 is a simplified flow diagram for a unit 


the unreacted TBT. The remainder is recycled to 
the reactor. The tertiary-butyltoluene and the 
hot water, used to wash the crystals, are phase 
separated, with the organic phase being fed to 
the oxidation reactor. For drying the crystals, 
we have indicated a batch, vacuum crystal dryer. 

Stainless steel is a satisfactory construction 
material for all parts of the plant. Aluminium 


is suitable for cold service. 


Ill. 


A. Fire and Explosion 


Hazards 


There are no unusual fire or explosion hazards 
except in the oxidizer. If the oxygen conversion 
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; Vacuum Jet Water 
Steam 
Condenser$ 
Water Sump 
Separator 
Crude TBBA 
Extraction 
Water 
Crystallizing 
Mother Separator Tanks 
Liquor Recycle TBT Wash 
Vacuum Hot Water 
Dryer Wash 
[ ] Centrifuge 
TBBA Water t 
Wet TBBA 


Fig. 6. Simplified process flow diagram of tertiary-butyl- 
benzoic acid pilot plant—crystallization section. 
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should fall below about 60°, there would exist 


the possibility of having an explosive mixture in 


the gas phase of the reactor. In any case the 
entering air, unless diluted, passes through an 
explosive region. This is illustrated in Fig. 7, 
which plots the minimum oxygen concentration 


necessary to give an explosive mixture at various 
pressures. The data were obtained with pure 
TBT. 

The reactor should be protected with a frangible 
dise of sufficient capacity to prevent failure of the 
vessel in case of a vapour phase explosion. It may 
be noted that in thousands of hours of operation, 
we have never had such an explosion. However, 
we do pass the vent gas through an oxygen 
analyzer-recorder which can be set to shut off 
the air flow in case the oxygen concentration 
exceeds any desired value. 


B. Toxicological Hazards 


Tertiary-butyltoluene is slightly more toxic than 
benzene and prolonged breathing of the fumes 
should be avoided [4]. The finished TBBA is 
non-toxic although heavy dust concentrations *r 
may cause some irritation. 


Non - Explosive Region 


0 1 2 5 4 5 
VIII. Physical and Chemical Properties 
Some pertinent physical and chemical properties Fig. 7. Explosive limits of p-tertiary-butyltoluene in air 


of the feed and product are given in Tables 1 and at various pressures. 
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Table 1. 


Physical and chemical properties of feed and product. ‘ 


p-tertiary-butyl-toluene p-tertiary-butyl benzoic acid 
CH, CH, on 
CH,C CH, CH,—C c 
¥ CH, CH, 
Specific gravity 20/4°C ee 0-8614 1-142 
Bulk density, dried powder, Ib/ft® es 33 
Boiling point, °C ee ee 192-8 
Vapour pressure, mm.Hg. See Fig. 8 7 at M.P. 
Acidity, phenolphthalein, eq/100¢ .. 0-56 
Acid number, mg KOH /g “a B15 
Purity, based on acidity, calculated as p-TBBA .. és 99-0 min. 


* Recrystallized product. 


Table 2. Solubility of para-tertiary-butylbenzoic acid in #000 


various solvents 


Solubility in per cent weight 


Solvent 20°C 25°C 5oO°C 100°C 2000 
p-tertiary-butyltoluene 48 10-7 38-2 
Water 00-0052 O-010 0-056 
Toluene 925 10-6 21-2 56-3 
Isooctane 1:25 1-5 40 
Acetone 21-9 800 
Methy] isobutyl ketone 15-6 
Trichk wroethy lene 11-9 


2. Fig. 8 gives the vapour pressure of tertiary- 
butyltoluene at various temperatures. 

IX. Uses of the Product oe 
All of our development effort would have been 


wasted without some promise of commercial uses 


Vapor Pressure, mm Hg 


100 
for the product. Therefore, an extensive product 


evaluation and market research programme was 


the process ad 


carried out in conjunction with 
development work. One of the most promising 
uses is to partially replace the fatty acid content 
of short and medium oil alkyd resins. When so 
used, p-TBBA gives : 
20 
(1) Faster drying time ; 


(2) Greater hardness ; 


(3) Improved colour and gloss ; 


(4) Better colour retention ; 75 100 125 150 175 200 
Temperature, *C 


(5) Superior chemical and soap resistance ; 
(6) Improved stability in the package. Fig. 8. Vapour pressure of p-tertiary-butyltoluene. 
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Some other potential uses are esterification with 
unsaturated alcohols to give polymerizable mono- 
mers, hydrogenation to the saturated acid, con- 
version to the nitrile and as a carrier for metals. 
As a result of these potentialities, Shell Chemical 
Corporation have erected a plant at Martinez, 
California and are now offering commercial 
quantities of para-tertiary-butylbenzoic acid. 
Shell has patents and pending patent applica- 
tions on the manufacture and uses of tertiary- 


butylbenzoic acid, and on tertiary-butylbenzoic 


acid derivatives and their manufacture and uses. 


(4) 
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Discusser : Mr. MacGovern 


H. A. Cheney : (Shell Dev. Co., Emeryville, Cal.) 


Would the discusser tell us a little more about cobalt 
removal. Obviously it is of importance, since the product 
is destined to be used in paints. Can you tell us about 
some of the other requirements of the product ? 


Mr. Magovern : 
Low cobalt in the p-tertiary butylbenzoic acid product 


DISCUSSION 


is of importance on two counts. The presence of cobalt 
(or any of several other heavy metals) causes difficulties 
in the cooking of the alkyd resin, such as darkening of 
the resin. It also causes difficulty in the formulated paint, 
because it represents an addition over and above the 
cobalt naphthenate normally added as drier. 


(See further discussion of paper by Dr. Twice.) 
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Nitric acid oxidation design in the manufacture of adipic acid 


from cyclohexanol and cyclohexanone 


A. F. Linpsay 


Imperial Chemical Industries Ltd., Dyestuffs Division, Billingham, Co. Durham 


Summary— Manufacturing routes from benzene through phenol or cyclohexane to adipic acid 
are discussed as background to the consideration of the liquid phase nitric acid oxidation of 
cyclohexanol and cyclohexanone. The influence of catalysts on the yield from these oxidations 
and on the temperature range over which high yield (over 90%) can be obtained is marked, a 
mixed vanadium-copper catalyst being outstanding. The action of copper appears to be both 
catalytic and chemical. Associated by-products are glutaric, succinic and oxalic acids; the 
off-gases from the reaction being mainly of the type non-recoverable as nitric acid. 


In considering the design of a plant capable of producing at least a ton an hour of adipic acid 
the main factors which require consideration in relation to plant throughput and efficiency are 
tabulated and discussed. Reaction units for liquid phase nitric acid oxidation are described 
against the provisions they make for heat removal, off-gas separation, reaction contact time, 
and control of temperature, pressure and reactant concentration. The methods of isolating adipic 
acid from the product, the separation of by-products, and the recovery and re-use of nitric acid, 
the consumption of which is important to the economics of the process, are outlined. 


Corrosion data are given which emphasi‘e the necessity of a full appreciation of materials of 
construction for acid-oxidation plant. Since the influence of products of the reaction and catalysts 
on nitric acid corrosion properties are diverse and in this case opposing, the importance of tests 
using the actual process liquors is shown in choosing a material of construction. Reasonably 
cheap materials of construction which can be fabricated for operation in the required temperature 
range of 70-85°C are shown to be 18-8 Ti or better 18-8 Nb austenitic chromium-nickel steels. 


Résumé—Aprés avoir passé en revue l'obtention d’acide adipique 4 partir du benzéne par 
différentes routes, auteur s‘occupe de l'oxydation en phase liquide, par l'acide nitrique, du 
cyclohexanol et de la cyclohexanone. Tant au point de vue du rendement de ces oxydations 
que de lintervalle de température permettant un rendement maximum (dépassant 90%), 
l'influence du catalyseur est trés marquée, un catalyseur mixte & base de cuivre et vanadium 
étant le plus remarquable. Le cuivie exerce 4 la fois une action catalytique et une action chimique. 
L’oxydation fournit comme sous-produits les acides glutarique, succinique et oxalique ; les 
fumées provenant de la réaction contiennent surtout des composés qui ne peuvent étre récupérés 
sous forme d'acide nitrique. 


Examinant le projet d'un atelier produisant au minimum 24 tonnes d'acide adipique par 
jour, l'auteur discute les facteurs principaux dont il faut tenir compte quant 4 la capacité et au 
rendement de latelier. Les réacteurs décrits pour l'oxydation en phase liquide par lacide 
nitrique sont discutés au point de vue des facilités qu’ils offrent pour les refroidissement, la 
séparation des fumées, la durée de contact, le contréle de la température, de la pression et de la 
concentration des réactifs. L’auteur passe également en revue l’extraction de l'acide adipique 
du produit de l'opération, la séparation des sous-produits, la récupération et le remploi de l'acide 
nitrique dont la consommation est un des facteurs économiques importants du procédé. 


Les données présentées au sujet de la corrosion montrent l'importance qu'il faut attacher 
au choix des matériaux de construction pour l'atelier d’oxydation nitrique. Comme l'influence 
des produits de la réaction et des catalyseurs sur la résistance a la corrosion est variable et dans 
des sens opposés. il est essentiel de choisir les matériaux de construction d’aprés des essais avec 
les solutions de compositions identiques 4 celles mises en jeu dans le procédé. Comme types 
dalliages usinables relativement économiques pouvant convenir dans l'intervalle de température 
imposé (70-85°C), auteur indique les aciers austénitiques chrome-nickel 18-8 Ti ou mieux 18-8 Nb. 
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A. F. Linpsay : Nitric acid oxidation design in the manufacture of adipic acid 


Zusammenfassung—Die Verfahren zur Herstellung von Adipinsiure aus Benzol iiber Phenol 
oder Zyklohexan werden in Hinsicht auf die Salpetersiure Oxydation von Zyklohexanol und Zyklo- 
hexanon in der Fliissigkeitsphase besprochen. Katalysatoren haben einen deutlichen Einfluss 
y auf die Ausbeute dieser Oxydationen und auf das Temperaturgebiet, in dem sich eine hohe 
vs Ausbeute (iiber 90%) erzielen lisst; dabei zeigt ein aus einem Vanadium-Kupfer-Gemisch 
“a bestehender Katalysator hervorragende Eigenschaften. Das Kupfer wirkt sowohl katalytisch 
als chemisch. Nebenprodukte der Oxydation sind Glutarsiure, Bernsteinsiure und Oxalsdure, 
wobei die Abgase der Reaktion zum gréssten Teil eine Zuriickgewinnung als Salpetersiure nicht 
erlauben. 

Bei der Betrachtung des Entwurfs einer Anlage mit einer Kapazitét von mindestens 1 Tonne 
Adipinsiure pro Stunde werden die im Hinblick auf Durchsatz und Nutzeffekt der Anlage wich- 
tigsten Faktoren tabellarisch dargestellt und besprochen. Die Reaktionsanlagen fiir die Salpeter- 
siure-Oxydation in der Fliissigkeitsphase werden beschrieben, soweit es sich handelt um ihre 
Vorrichtungen fiir Wirmeabfuhr, Abgastrennung, Reaktionskontaktzeit und Regelung von 
Temperatur, Druck und Zusammensetzung der an der Reaktion beteiligten Substanzen. Die 
Isolierung der Adipinsiure vom Endprodukt, die Trennung der Nebenprodukte, sowie die 
Zuriickgewinnung und Wiederverwendung der Salpetersiure — der Verbrauch dieser Saure ist 
wichtig fiir die Oekonomie des Verfahrens — werden in grossen Ziigen dargelegt. 


Einzelheiten betr. die Korrosion werden mitgeteilt, aus denen die Notwendigkeit einer griind- 
lichen Kenntnis der fiir eine Séiure-Oxydationsanlage geeigneten Baumaterialien hervorgeht. 
Es wird gezeigt, dass, weil die Einfliisse der Reaktionsprodukte und der Katalysatoren auf die 
Korrosionseigenschaften der Salpetersiure verscheiden und in diesem Falle entgegengesetzt 
sind, die Priifung mit Hilfe der im Verfahren tatsichlich zur Anwendung kommenden Fliissig- 
keiten bei der Wahl eines Baumateriales sehr wichtig ist. 

Als ziemlich billige Baumaterialien, die zur Beanspruchung im verlangten Temperaturgebiet 
von 70-85°C geeignet gemacht werden kénnen, werden 18-8 Ti oder besser 18-8 Nb austenitische 
Chromnickelstihle genannt. 

INTRODUCTION phenol or (ii) cyclohexane as the first step towards 
The production of adipic acid in the world has adipic acid. 


expanded considerably in the last ten years, parti- 
cularly because of its use in the synthesis of nylon 
for which about 130 million pounds of adipic acid 
have been estimated to be required for 1953 
American nylon production [7]. A route which is 
interesting largely because of its manufacturing 
application is the oxidation in the liquid phase by 
nitric acid of cyclohexanol ; or of cyclohexanone ; 
or of “air-oxidized” cyclohexane, which under 
correct conditions can be produced essentially as 
a mixture of cyclohexanol and cyclohexanone. The 
economics of nylon production can be modified 
by the location of the manufacture and this is 
illustrated by the raw materials used in various 
nylon producing countries, e.g. benzene, cyclo- 
hexane, furfural and butadiene for nylons in the 
United States; cyclohexanol and furfural for 
Perlon L or nylon-6 production in Germany ; and 
benzene which is indigenous to the United King- 
dom for convenient and economic production of 
British nylon-66 (i.e. hexamethylenediamine /- 
adipic acid). From benzene may be derived (i) 


(i) One of the most important routes to cyclo- 
hexanol is the hydrogenation of phenol, the 
original large scale manufacturing process. This 
gives a product which can be readily purified, and 
van be catalytically converted in good yield to 
high quality adipic acid [1]. There are several com- 
mercially feasible synthetic routes to phenol from 
benzene of which the Raschig process is probably 
most economical in its use of raw materials, and 
adipic acid can be manufactured at high yield 
from benzene by this route. 


Monochlor 
Benzene Benzene Phenol 
Cl 
O, | | H,O | 
— | > 
HCl (a) 
Cyclohexanol Adipic Acid 
COOH 
H, HNO, 
| (CH,), 
(b) | (c) 
COOH 
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The vields from stages (a), (b) and (c) are 
approximately 90°, 90°, over- 
all. 


a small fraction of the total cost of synthetic 


Raw materials costs however represent only 


phenol by any of the several routes available, 


while the economics are extremely difficult to 
assess, as witnessed by the considerable variations 
that have occurred in its market price, and the 
apparent importance of by-product utilization. 
The Raschig process for instance involves high 
capital investment and a considerable problem in 
corrosion and maintenance. 

(ii) From cyclohexane, batch oxidation with 
nitric acid gives a mixture of adipic acid (yield 
) [3], the 


nitrocyclohexane being then hydrolysed to cyclo- 


29°,, theory) and nitrocyclohexane (36 


hexanone and separately air oxidized to adipic 
acid. The total vield achievable from this process 
is said to be 45°, of adipic acid from cyclohexane 
consumed. 

Numerous attempts have been made to convert 
cyclohexane to adipic acid by air oxidation. 
Nevertheless, direct one-stage oxidation of cyclo- 
paraflins to the corresponding dibasic acid has 
not so far been a proved success. In general, a 
variety of products results and separation of the 
appropriate acid, e.g. adipic acid from cyclohex- 
ane, in a reasonable state of purity is difficult, the 
vield of any one acid being poor. Variety of pro- 
duct arises primarily because of the symmetry of 
the cyclohexane ring and if for example a double 
bond, as in cyclohexene, is introduced, yields of 
adipic acid in the region 70-80°, are attainable 
using nitric acid as the oxidizing agent. Unfortu- 
nately cyclohexene cannot be simply derived from 
cyclohexane by a practical route other than via 
chlorocyclohexane or cyclohexanol. 

Direct air oxidation of cyclohexane to adipic 
acid gives poor yields, 33°, being difficult to 
achieve. If, however, the air oxidation is carried 
out restrictively, to the extent of oxidizing only 
5-12°%, of the cyclohexane and the unreacted part 
is removed, the residual product contains cyclo- 
hexanoal and cyclohexanone which can be re- 
covered by steam distillation and separated by 
fractional distillation. From a continuous oxida- 
tion of this sort on the manufacturing scale, the 
yield of the above combined products at the 
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reaction stage is of the order of 65°, on the 
cyclohexane chemically consumed. 

While there is an alternative route to cyclo- 
hexanol by way of phenol no such attractive 
manufacturing synthesis to cyclohexanone is 
available. Preparation has been carried out by 
the oxidation of cyclohexylamine at a yield said 
to be 55°, [8] and by the hydrolysis of nitrocyclo- 
hexane [3], but these sources are not of first interest 
when the ultimate object is adipic acid formation 
and for this purpose the mixture of cyclohexanone 
with cyclohexanol as derived from cyclohexane 
need not be a disadvantage as will be shown. 

Against this background it is appropriate to 
examine the liquid phase nitric acid oxidation of 
cyclohexanol and cyclohexanone in greater detail 
and this will be done from first the chemical and 
then the 
forming adipic acid. 
relevant to mention here British Patents (Imperial 
Chemical Industries Ltd.) 567,525, 572,260 and 
633,354 [4, 5 and 6] which will add some detail 
to that given in this paper on nitric acid oxidation. 


chemical engineering aspects of so 


In this connection it is 


Nirric Actip OxIpaTION oF CYCLOHEXANOL 


AND CYCLOHEXANONE TO Apbipic ACID 


Part I. 


Following the air oxidation of cyclohexane there 
are three routes for consideration as manufactur- 


Chemical Aspects 


ing processes to adipic acid of which two involve 


nitric acid oxidation. Illustrating their materials 


efficiency they may be summarized as follows : 


1. (a) Cyelohexane 


Air 


Dist. OL 


Cyclohexanol 
Crude > 


Refined 


Cyclohexanone | - ONE! 


(b) OL) 
Air 

ONE refined » Adipie Acid 
Yield of cyclohexane to adipic acid = (a) 56% x 


(b) 70% = 40% overall. 
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2. (a) Asin 1 (a). 
(b) OL) HNO, 
— ONE | refined >» Adipie Acid. 
Yield of cyclohexane to adipic acid = (a) 56%, 
(b) 93% 52°, overall. 


Air 
3. Cyclohexane > _, Crude 


HNO, 
» Adipie Acid 


Yield of cyclohexane to adipic acid = 63% overall 


The most efficient of these three processes is also 
the simplest, consisting as it does of nitric acid 
oxidising all the products of the restricted air 
oxidation of cyclohexane, thus taking advantage 
of the by-products formed in addition to cyclo- 
hexanol and cyclohexanone from the air oxidation, 
and their good conversion to adipic acid by nitric 


acid oxidation. 


Oxidation of Cyclohexanol to Adipic Acid by Nitric 
Acid 

Without the presence of catalyst, cyclohexanol 
can be oxidized to adipic acid at a 78°, yield with 
nitric acid in glass laboratory equipment. This 
conversion is carried out in the liquid phase with 
agitation at a temperature of 60°C by the simple 
addition of cyclohexanol to 60%, nitric acid to a 
weight ratio of 1 : 3}. 

The improvement which can be effected to this 
yield by the use of catalysts is considerable and 
was first commented upon in 1926 [1] when the 
use of soluble mercury, molybdenum and vana- 
dium compounds was said to promote the oxida- 
tion in the directions of increased yield and/or 
lowered reaction temperature. The addition of 
ammonium vanadate in fact increases the yield 
to 86°, at 60°C but its effect is so dependent on 
temperature that carrying out the reaction at 80°C 
(to avoid for instance deposition of adipic acid 
from solution) gives a yield of only 79°. This 
vield of 86°, is also influenced by the strength of 
nitric acid used and by its weight ratio to cyclo- 
hexanol (as above) when using vanadate. The 
by-products include the usual glutaric and 
succinic acids. 

Other soluble catalysts, proposed in 1932 [2], 
included chromium, nickel, tungsten, molybdenum 
(all constituents it may be noticed in passing of 
stainless steels) and in particular copper for its 
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yield improvement and ease of separation from 
the product. In fact when copper is tried as above 
at the 55°-60°C temperature range the yield 
remains about the standard level of 78-80°, but 
at 80°C using 1°, of copper on the cyclohexanol 
the yield obtained is 85°,. There is also an 
increase in the amount of nitrogen peroxide (NO,) 
evolved during reaction. The copper thus shows 
a reverse effect to vanadate, in that it can become 
more effective at higher temperatures. (Copper 
oxalate can be detected in the product when 
using too much copper as catalyst). 

The temperature range for optimum yield can 
be widened by a copper-vanadium catalyst, which 
gives a higher yield than by using either of the 
catalyst constituents singly, over 90", being 
attainable by oxidation within a temperature 
range of 55-85°C. Catalytic quantities of copper 
and vanadate are of the order of 0-25°,, and 0-1 yA 
respectively in the reacting mixture. Reaction in 
semi-technical plant with separate and continuous 
addition of cyclohexanol and 60°, nitric acid, to 
maintain a 50°, nitric acid strength (as HNO, - 
HNO, + H,O) in the reaction mixture at 65°C, 
has given a yield of 92-93°,, adipic acid. 

The action of copper appears to be both cata- 


lytic and chemical, in that generation of oxides of 


nitrogen, in particular nitrogen peroxide appears 
to aid initiation of the reaction and the smooth- 
ness of its course. The gaseous products of re- 
action are nitrogen oxides, carbon dioxide and 
nitrogen. The carbon dioxide results from the 
breakdown of the 6-carbon system to give lower 
molecular weight dibasic acids, glutaric, succinic 
and oxalic, and from further decomposition of the 
latter; and from the oxidation of one mole of 
cyclohexanol are given 0-32 mols of NO + NO, 
and 0-92 mols of unrecoverable N,O (Table 1). 


Oxidation of Cyclohexanone to Adipic Acid by Nitric 
Acid 

This conversion to adipic acid was first described 
in 1893 [9]. The conditions required are similar to 
those for the oxidation of cyclohexanol. Oxidation 
of cyclohexanone is however more dangerous 
because of delayed action which may occur below 
65°C. Nitric oxide and nitrogen peroxide appear 
to be more significant as initiators to enable a 
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smooth start to the reaction and the presence of 


‘ 


metallic copper as a “catalyst” is important for 
its chemical function in this direction. 

If metallic copper is present the reaction starts 
smoothly about 70°C. Mixture of cold nitric acid 
and cyclohexanone can however give rise to a 
very slow reaction which causes gradual warming 
up of the mixture at an accelerating rate until a 
very violent reaction occurs. 

Oxidation without catalyst is uneven unless the 
temperature is over 80°C: the yield is poor 
(around 50%). Considerable improvement is 
possible with vanadium catalyst alone (to about 
70°.) and with copper alone (to about 80°,) but 
the effect of the mixed catalyst is remarkable in 
raising the yield beyond 90%, 95°, being an 
achieved level. A greater proportion of recover- 
able oxide is formed from the reaction than is the 
case using cyclohexanol, making possible a 25%, 
recovery of the nitric acid equivalent of the 
off-gases as against 15°; oxidation at atmos- 


NO, and 
0-69 moles of unrecoverable N,O from one mole 


pheric pressure giving 0-46 moles NO 
of cyclohexanone (Table 1). 


Ovidation of Cyclohexanol Cyclohexanone Mizture 
by Nitric Acid 


Oxidation of 50 : 50 mixtures of cyclohexanol and 
cyclohexanone in the absence of promoters of 
oxides of nitrogen starts smoothly at about 80°C; 
but the addition of copper allows the starting 
temperatures to drop to 55°C without delayed 
action symptoms. 

Comparative oxidations of an equi-molecular 
mixture of cyclohexanol-one with varying cata- 
lysts show yields to adipic acid of 74°, with 
vanadate alone, 85°, with copper alone and 91%, 
with mixed copper-vanadium catalyst. 

Catalytic quantities are of the same order as 
for the oxidation of cyclohexanol. With the mixed 
catalyst and under continuous oxidation conditions 
on the semi-technical scale with a reaction mixture 
at 75°-80°C and containing nitric acid of 45-50% 
(as HNO,/HNO, + H,O) strength, yields to 
adipic acid in the range 92-94%, of theory have 
been obtained. 


From the oxidation in a continuous process of 
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one mole of this mixture of cefined cyclohexanol 
and cyclohexanone 0-36 mols of NO + NO, are 
produced and are recoverable as nitric acid while 
0-90 mols are lost as unrecoverable N,O and the 
recovery of nitric acid is thus about 17%, of that 
involved chemically in the reaction (Table 1). 

Contact of 50°, nitric acid containing ammo- 
nium vanadate ‘copper catalyst with a 50: 50 
mixture of cyclohexanol-one at room temperature 
can result in a gradual warming of the mixture, 
which accelerates until at 40°C there is a very rapid 
rise in temperature (to 100°C in about 30 seconds) 
accompanied by vigorous gas evolution. This 
reaction is uncontrollable and will eject the 
reactants from an open vessel. This tendency is 
particularly active when the ratio of nitric acid 
(100°,, weight) to a mixture of cyclohexanol-one 
is less than 20: 1, especially about 5:1. Ata 
ratio of 2-5 : 1 however there is no decomposition 
with or without stirring if the temperature of the 
mixture is not allowed to exceed 30°C, though the 
usual vigorous and uncontrollable decomposition 
starts at 40°C. At ratios of 20: 1 and upwards 
the decomposition rate is slow at room tempera- 
ture; and with a high ratio about 30-40: 1 it 
becomes controllable. With a high ratio and a 
temperature of at least 70°C the reaction is 
smooth, free from violence and easy to con- 
trol and very suitable for large scale manu- 
facture. 

The effect of absence of catalyst on the reaction 
is to cause some decrease in the visible violence of 
the reaction but not to any practical extent. When 
cyclohexanol and cyclohexanone are examined 
separately the same pattern of results is again 
obtained but cyclohexanol itself is much more 
reactive than cyclohexanone. 

In the case of cyclohexanol-cyclohexanone 
mixtures the reaction with nitric acid in the 
region of 70-80°C is initially very rapid being at 
least 90°, complete after 5 minutes, and over 
95°, in 10 minutes, but evidence of continued 
oxidation is given for nearly 30 minutes, accom- 
panied by slow evolution of nitrogen oxide 
off-gases. 

Any possible reaction mechanism for this 
oxidation to adipic acid must be consistent with 
the following details : 
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(i) Glutaric, succinic and oxalic acids are the 
main by-products, the latter decomposing 
and producing carbon dioxide in the off- 
gases. Cyclohexylnitrite, appears in certain 
conditions (e.g. low nitric acid strength). 

(ii) Adipic acid being stable in nitric acid under 
the conditions of reaction, it appears that 
by-products are formed during the reaction 
and not from the adipic acid. 


(iii) The off-gases consist of a mixture of oxides of 
nitrogen such as NO and NO, which are re- 
nitric acid, non-recoverable 


nitrous oxide in substantial quantity, nitrogen 


coverable as 


and carbon dioxide. 


(iv) Copper has a marked initiating effect on the 
reaction, apparently by the production of 
nitrous acid (HNO,) in solution. 


Because of the rapidity of the reaction, the 
isolation of intermediates in the reaction chain 
The 
isonitrosocyclohexanone or of cyclohexane- 
1 : 2-dione or of both in the reaction mixture 
is suggested by the very delicate nickel 


(v) 


is exceedingly difficult. presence of 


glyoxime test. 


The substantial requirements of nitric acid and 
formation of nitrous oxide could be explained by 
the formation of nitrogen-containing intermediate 
compounds. 

It seems likely that cyclohexanol is first oxidized 
bynitric acid (or N,O,) to cyclohexane, with liber- 
ation of nitrous acid (or N,O,) which can form 
cyclohexylnitrite with 
cyclohexanol. It has been suggested further 
that cyclohexanone 
N,0, either in the above decomposition of the 
nitric acid or by simultaneous hydrolysis of the 


a second molecule of 


can react with nascent 


cyclohexyl nitrite to give isonitrosocyclohexa- 
none: and from isonitrosocyclohexanone it is 
possible to suppose the formation (with nitric acid) 
of 2-nitro-2-nitroso-cyclohexane-l-one and that 
hydrolysing with ring fission to 1-carboxy-5- 
nitro-5-oximinopentane, which then decomposes 
to adipic acid with liberation of nitrous oxide in a 
quantity agreeing well with practice (Table 1). 
Glutarie acid might be similarly formed by a 


second oximation of isonitrosocyclohexanone to 
2 : 6-dioximinocyclohexane-l-one before hydro- 
lysis and ring fission. That cyclohexane-1 : 2- 
dione can give either glutaric acid or succinic acid 
on oxidation depending on the presence or 
absence of catalyst has been shown experiment- 


ally. 


Part 11. 
The design factors which require evaluation in 
the development of a reaction plant to meet the 
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nitric acid oxidation process are as follows : 


Reaction Throughput Factors 


(i) Quantity of heat to be removed and means 
of doing so ; 


(ii) Contact time necessary for completion of re- 
action ; 


(iii) Time required for disengagement of reaction 
off-gas. 


To these may be added the list of the considera- 
tions necessary to obtain process efficiency and 
economic operation : 


Reaction Efficiency Factors 


(iv) Off-gas separation must be complete for 
efficient recovery of nitric acid, both from 
the off-gases by absorption and the liquid 
phase by concentration. 


(v) Nitric acid reconcentration and recycle to the 
reactor is necessary. 


(vi) Mixing in the reaction zone must be vigorous 
to maintain homogeneous optimum conditions 
of, in particular, temperature and concen- 


tration. 


(vii) The reactor may give advantages in respect 
of yield and off-gas recovery if operated under 
pressure. 


(viii) All other considerations may be modified by 
corrosion effects which are unpredictable, 
depending as they do on the modifying effect 
of catalyst and organics (acids in particular) 
on the properties of nitric acid ; and especi- 
ally temperature limitations may arise. 
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(ix) Assessment of the crude product quality and 
its response to purification methods is im- 
portant in deciding what raw-material quality 


is economic. 


Whether the reaction should be earried out 


batchwise or continuously will largely depend 


(X 


on whether the production level justifies the 
latter, and this considered along with the 
three capacity factors (1) to (iii) above will 
provide a first line of approach to the type of 


installation necessary. 


The amount of heat to be removed in this sort 
of reaction will be generated largely at the zone 
of initial mixing. For the oxidation of cyclohexa- 
nol and cyclohexanone this figure is high at 
approximately 1550 CHU Ib., imposing a limita- 
tion on the feed rate to keep heat generation 
within manageable limits and showing the im- 
portance of removing the products of reaction 
from the immediate reaction zone In order to allow 
further reaction to proceed in correct nitric acid 
concentration conditions. Any conditions that 
may result in the formation of pockets or layers 
of unreacted cyclohexanone, cyclohexanol, are 
extremely dangerous since delayed reactions of 
considerable violence will result. The concen- 
tration conditions required to ay oid this have been 


described above. 


Batchwise Reaction Equipment 

Apart from arranging for the above general con- 
ditions of reaction no special chemical engineering 
technique is required in prov iding for the batch- 
wise oxidation. A well agitated vessel with jacket 
and coil cooling and an off-gas outlet leading to 
an absorption recovery system Is basically all that 
is required. The reaction ts necessarily carried out 
at a controlled rate against an upper temperature 
limit, by the addition of the organic chemical (e.g. 
cyclohexanol) to the nitric acid which will prob- 
ably contain the catalyst ; and in the latter stages 
possibly by the simultaneous separate addition of 
the organic starting material and stronger feed of 
nitric acid to fortify the reaction zone concentra- 
tion of nitric acid. It is probable that this equip- 
ment will become more economic in operation 


than a continuous process up to, at least, outputs 
of half a ton an hour. 

The recovery of off-gas is however made less 
attractive in a batch process because of variations 
in the composition and quantity of the nitrogen 
oxides which are likely during the batch, arising 
from differences in nitric acid concentration, 


temperature, ete. 


Continuous Oxidation Equipment 


In providing for high capacity plant a continuous 
process also enables improvements in processing 
to be effected by giving more constant operating 
conditions and enabling a better balance to be 
struck between the needs of the three throughput 
factors (i) to (iii) above. 

The simplest type of continuous reactor system 
is given by the addition of a second autoclave to 
operate in series with the batch reactor described 
above (Fig. 1). By this means a different tem- 
perature condition may be applied for the com- 
pletion of the reaction as desired. 


ORGANICS 


Fig. 1. Simple continuous reactor system. 


Yields of over 90°, are achieved in this type 
of equipment using refined cyclohexanol, cyclo- 
hexanone, or a 50: 50 mixture of these, from a 
10 minute contact time in each of the equal sized 
reactors. 

When considering higher outputs of over a ton 
an hour of adipic acid from this highly exothermic 
reaction a tubular type of reactor becomes a 
recommendation with its high surface to volume 
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OFF GAS . . . 
becomes necessary and the introduction of effi- 


TO CONTACT COO.ER 
An ASESRPTION cient gas separating cyclones between the tubular 


ce sections, as shown in Fig. 2, assists uniform 


. J distribution of the liquid phase reactants in the 
PS 4 tubes. At pressures below about 30 p.s.i.g. diffi- 
| | 1} ~ culties may appear if the quantity of off-gas to 
3|| | 3} | | . be handled is of the order of that given in Table 1 
| 
§ An alternative reaction system developed from 
$ : | ; the simple continuous unit of Fig. 1 is that shown 
| in Fig. 3. In this case the reaction mainly, though 
5 | not entirely, takes place in the autoclaves and the 
< -4! tubular part of the first reaction circuit is primari- ; 
ly for heat removal purposes. Gas separation is 
iy 7 rm effected from the agitated autoclaves instead of 
' Stee the cyclones in Fig. 2, the autoclave diameter 
being sufficient to allow a_ superficial off-gas 
2. Tubular reactor pressurised system (2-5 ats.’ velocity of up to 500 ft. hour for near atmospheric 
Level Controller ; P¢ Pressure Controller. 


pressure oxidation of cyclohexanol-cyclohexanone 


systems. The separate organic feed is introduced 


“ie ratio (Fig. 2). The equipment again consists of below the liquid surface and close to a high- 
54 two reactors in series, the first being a lengthy  efliciency agitator in the first autoclave giving 


jacketed continuous tube through which the rapid dispersion throughout a large reaction 
reactants are circulated in turbulent flow by a mass. 
pump and to which the starting materials are fed, 


preferably at different points in the circulation ; 


the second may be alternatively arranged on the Feeo evtcroa ers 
once-through multitube heat exchanger pattern Te ApSoaseRs 

. ocr 
or as an autoclave in which jacket cooling will . 


probably be adequate. This system could be used STL 
for the oxidation of cyclohexanol, or cyclohexa- 
none or a mixture of the two; and it may also | 


be applied to the crude product from liquid phase 


air oxidation of cyclohexane under conditions of 
limited oxygen absorption, which after the 
separation of unconverted cyclohexane consists 
of for example 28-4°, cyclohexanone, 29-6°,, cyclo- 
hexanol, 3-2%, cyclohexyl esters, 0-6°, cyclo- 


F\asT BEacTos 


hexenyl cyclohexyl ether, some cyclohexanediol- 


1,2 and 22-2°, of material non-volatile in steam 

which includes adipate esters, delta-formy! valeric 

acid, epsilon-hydroxy caproic acid and its esters, Fig. 3. High capacity cascade oxidation unit (50 m. ats. 

5 ats.) Te Temperature Control; F¢ Flow Con- 

trol; Lt Level Control ; H¢ Hand Control ; CW 
Cooling Water. 


along with lower homologues. The balance is water. 

Where large quantities of off-gases are con- 
cerned the volume of gas to be separated and 
recovered by absorption may be reduced by The capacity or the operating levels in the 
operation under pressure. The effect on the  autoclaves of Fig. 3 may be modified to govern 


reaction yield by doing so should be investigated. control conditions such as contact time and the 


For large outputs the use of multi-tubular reactors ratio of nitric acid to organic feed in the reactor ; 
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while the rate of recirculation controls the tem- 
Apart from this the 
operating conditions which apply to both units 
shown in Figs. 2 and 3 are necessarily similar for 


perature of operation. 


the best conversion results. 

The weight ratio of nitric acid feed rate (as 
100°, HNO,) to the organics feed rate is of the 
order of 4-5 : 1, the feed acid strength being about 
53°, to maintain a reactor acid strength of about 
45°, (HNO, HNO, + H,O). The weight ratio of 
the total reactor recycle rate to the organics feed 

rate may however be up to the order of + 
and since this recycle may contain about 33% 
nitric acid, the nitric acid circulation rate to 


organics feed rate ratio in the reaction is then 


high and of the order of ; In these circum- 


stances and provided the concentration of by- 
products in the reaction mixture is prevented from 
exceeding 15°%,, the yield to adipic acid from these 
oxidation reactors shown in Figs. 2 and 3 can 
exceed 90°. 

In Fig. 2 the first reactor circuit completes at 
least 90°, conversion from an average contact 
time of 5-10 minutes and this is also the order of 
the average once-through passage of the autoclave 
in Fig. 3 though the total contact time in that 
first reactor circuit may average nearer an hour 
dependent on the liquor level in the autoclave. 
Additional time for completion of reaction is 
provided in the second reactor of each system. 


Resolution of the Product of Oxidation 


In both Figs. 2 and 3 the off-gas from the reaction 
is recovered as nitric acid by absorption in water 
or nitric acid, at a pressure up to that of the 
reactors if desired (this absorption is described 
in ref. 10); and nitric acid is also recovered from 
the liquid phase product from the second reactor 
by concentration in a fractionating column. This 
concentration still has the double function of 
separating low boiling impurities (e.g. monobasic 
acids of the valeric, caproic type if oxidising air- 
oxidized-cyclohexane) by steam distillation, while 
concentrating the aqueous reaction liquor to assist 
the isolation of crude adipic acid in subsequent 
crystallization and filtration : — thus to provide a 


86 


mother liquor of reconcentrated nitric acid suit- 
able for recycle to the reaction zone. Since 
by-products are continually being introduced 
from the reaction into this recycle a purge is 
necessary for their removal ; and from this purge 
are recoverable dibasic acids (e.g. glutaric and 
succinic acids), catalyst, and nitric acid. 

The concentration still itself consists of a plate 
column surmounting a low pressure steam 
calandria reboiler, the temperature of which must 
be limited by operating at reduced pressure to 
prevent corrosion (see below). Under these 
circumstances there is a tendency for the reaction 
liquor to foam on the plates and the overall 
plate efficiency is only of the order of 40%; 
less than 1°, nitric acid in the overheads can how- 
ever be achieved with removal of about 25°, of 
the monobasic acids of the feed. These monobasic 
acids in the distillate are a mixture of types such 
as acetic (6°), propionic (6%), butyric (15%), 
valeric (60%), caproic, ete. (remainder), The 
average relative volatility of this mixture at 
atmospheric pressure is estimated as about 3 which 
is about the same as measured for valeric acid in 
water under the same conditions. Lowering the 
pressure can be shown by Othmer still analysis 
to reduce the relative volatility of valeric acid to 
1-5 at 80 mm Hg. However, in the presence of 
nitric acid and adipic acid which both depress the 
volatility further, the relative volatility of valeric 
acid ranges from 0-9 at atmospheric pressure to 
0-75 at 100 mm Hg. in an aqueous solution of 
0-75%, valeric acid, 35%, nitric acid, and 20% 
adipic acid. Operation of the concentration still 
at reduced pressure, therefore, does not greatly 
retard the removal of monobasic acids which in 
any case cannot be complete; it does slightly 
facilitate the concentration of nitric acid how- 
ever; and it is important in reducing operating 
temperature to prevent excessive corrosion (see 
below). 


Recovery of Nitric Acid Off-gas 

The considerable heat of reaction available from 
the nitric acid oxidation route to adipic acid 
suggests the advantages of integration of the 
reaction and reconcentration systems for econo- 
mies in the recycle of nitric acid, In the systems 
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shown in Figs. 2 and 8 about 20°, of the heat of 
reaction only is recovered, mainly by heating 
incoming new feed ; the remainder is lost to the 
coolant, in Fig. 3 about 50°, being removed 
through the reactor jacket to the cooling water. 
The amount of heat required in the concentration 
still (both Figs. 2 and 3) is about 90°, of the total 
heat of reaction. 


ORGANK 


PROOUCT 


Fig 4. Reaction circuit for use of heat of reaction in 
concentration still. 


An integrated unit that will satisfy the many 
requirements for the best conversion to adipic 
acid is not however easy to devise and if for 
example an attempt is made to carry out the 
reaction at 70-80°C under reduced pressure in 
order to simultaneously achieve substantial water 
removal, operation is found to become impractical 
because of, for one thing, the very large volume 
of nitrogen oxides which have to be handled by 
the vacuum pump and ejected at a pressure 
suitable for absorption in water or weak nitric 
acid. 

It might also be thought that a system such as 
that shown in Fig. 4 could use at least the 30-40%, 
of the reaction heat which has to be removed, for 
example, in the external reaction cooler of Fig. 3, 
but again the reduced pressure in the still causes 
the separation from the liquid phase of un- 
expectedly large volumes of off-gas of the 
absorbable type. 


The cause of this is the nitrous acid in solution 
which has already been referred to as an important 
reaction initiator. When the liquor leaving the 
oxidation is boiled at atmospheric pressure the 
gas evolved is mainly nitric oxide plus nitrogen 
peroxide ; it exceeds in total volume what is 
possible from simple physical solution of gas ; and 
is explicable as arising from the presence in the 
liquor of nitrous acid to the extent of approxi- 
mately 0-3°,, HNO,. The concentration of nitrous 
acid in the oxidation liquor is governed by the 
temperature, concentration of nitric acid, partial 
pressures of nitric oxide and nitrogen peroxide 
and the time following reaction for equilibrium to 
be approached in the 2 HNO, = NO + NO, 
+ H,O [10] balance. 

The concentration of nitrous acid in the feed 
to the concentration still can hence be reduced to 
about 0-1°%, HNO, in the systems of Figs. 2 and 
3 by air-blowing at 85-100°C in or after the 
second reactor. This air-blown off-gas is readily 
recovered in the absorption system; and any 
relatively small quantity of residual off-gas 
separating thereafter in the reduced pressure of 
the concentration still can also be directed, after 
removal of condensable distillate, from the 
vacuum pump to an atmospheric pressure absorp- 
tion train. From the above effects of subatmos- 
pheric pressure upon the nitric acid reaction 
equilibrium however, operation of the oxidation 
under vacuum is inadvisable. 

Use of super-atmospheric pressure tends to 
favour the production of absorbable oxides at 
the expense of nitrous oxide. It also enables 
absorption of the off-gases from reaction at e.g. 
30 p.s.i.g. to take place in a single absorption 
column under pressure whereas the off-gases from 
a near atmospheric pressure reaction may be too 
bulky and corrosive to be pressurized and must 
then be absorbed in an extensive system of packed 
towers and tubular coolers. 

Considerable variation in off-gas composition 
occurs from changes in the organic materials 
being oxidized and this becomes important in 
deciding on the degree of purification necessary 
for the organic feed to a nitric acid oxidation. The 
variations in the system cyclohexanol-cyclohexa- 
none are shown in Table 1. 


FEEO 
Acio CaS 
OS 
2 
eka 
87 


CONFERENCE ON 


OXIDATION 


PROCESSES 


Table |. 


Variations in off-gas composition by nitric acid oxidation of cyclohexanol-cyclohexanone systems at atmospheric pressure in 


continuous reaction processes. 


Composition of off-gases 


Starting Recoverable oxides 
Sti ig 


material Quantity 

as NO+NO, as HNO, 
10 0-32 
O-745 


0-32 
O15 


10 0-46 
0-71 O21 


10 
OL-ONE 


0-36 
0-17 


ca ld 
(anhydrous) 


Crude 0-45 


OL-ONE 


Non-recoverable oxides 


Adie 
and nitrogen acid 
formed Units 


as N,O as HNO, chemically 


0-92 1-84 0-92 Moles 
0-86 Ib. 
0-69 1-38 Moles 
0-63 Ib. 


1-80 Moles 
0-84 Ib. 


1-03 Ib. 


The crude ‘ol-one’ is of the type derived by the 
In the 
crude starting material as compare d with the 
50 : 


air oxidation of cyclohexane. case of the 


50 refined * ol-one* mixture an increase Is 
observed in the amount of nitrogen bearing off- 
gas, the amount of nitric acid lost as non-recover- 
able nitrogen and nitrous oxide, and the amount 
of carbon dioxide. In the case of re acting under 
pressure, little change in the quantity and com- 
the 


though the nearly equal balance between nitric 


position of off-gases has been measured, 
oxide and peroxide from an atmospheric pressure 
reaction possibly then tends more towards nitric 
predominance in the recoverable gases. 

For design, since it is difficult to obtain reliable 
separate measurement of the nitric oxide and 
nitrogen peroxide content, it is advisable to assume 
all the 


allow for the first stage of the off-gas recovery 


absorbable oxides are nitric oxide and 
procedure on that basis when considering air 
requirements for the oxidation of NO to NO,. The 
final exit 
equivalent to 0-2-0-3°,, nitric acid by volume (less 
than 3 ft.). 


mechanism is described in {10}. 


gas has an absorbable oxide content 


grains per cu, The absorption 


Corrosion: Its influence on processing conditions 


The first choice of temperature for reaction 1s 


made on the basis of yield. In the manufacture 


of adipic acid two modifying factors must then 


be considered : 


(i) the solubility of adipic acid in the reaction 


mixture ; and 


(ii) the corrosion problem which is enhanced 
particularly by the presence of vanadium in 
solution. 


Incrustation of adipic acid on the cooling sur- 
face was first met when attempting to carry out 
the oxidation of cyclohexanol at 60°C which gave 
the best yield with vanadate catalyst. Wall growth 
can be avoided by establishing a coat of silica on 
the walls of the oxidizer by filling the vessel with 
a 72°, SiO, aqueous solution of sodium silicate, 
draining, and drying the resultant film by heating 
from the normal coolant side. The coating can be 
addition of sodium 


maintained by continued 


silicate to the nitric acid for reaction. 


The addition of copper however enabled a yield 


of the order of 87°,, to be achieved over the tem- 
perature range of 55°C to 80°C, and the tem- 
perature could then be kept high enough to avoid 
separation of solids. 

Fig. 5 shows the effect of adipic acid and 
ammonium metavanadate on the corrosion by 
nitric acid (30°, solution) at 97-100°C of 18-8 Ti 
gin. din. 


in size) were prepared from 18-8 Ti steel which had 


steel. The specimens used (1} in. 
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been heated to 1,100°C for 15 minutes and subse- 
quently cooled in air (the titanium content was 
0-74°%, and the carbon 0-125°,). The curve A in 
Fig. 5 represents the control corrosion rate using 
30°, nitric acid only. When adipic acid and 
copper are added to the extent of giving an 
aqueous test solution containing 30°, nitric acid, 
30°, adipic acid and 0-2°, copper as copper 
nitrate the corrosion is markedly reduced and is 
represented by curve B. The addition of ammo- 


nium metavanadate to this mixture to the extent 


£ 
are) 3 


Fig. 5. Effect of adipic acid and vanadate on corrosion of 
18-8 Ti steel by nitric acid at 97°C-100°C, 


of 0-1°, increases the corrosion rate to that repre- 
sented by curve A again. Curve C results from 
exposure to a solution containing 0-1°, ammo- 
30°, 


indicates more emphatically the restraining effect 


nium metavanadate in nitric acid and 


of adipic acid on corrosion especially in the 
presence of ammonium vanadate. 


A A B Cc 
Nitric acid 30% 30% 30% 30% 
Adipic acid 30% 30 % 
Copper 02% % 
Vanadate O-1% 01% 


Considering the corrosion of 18-8 Ti austenitic 
chromium-nickel steel by nitric acid under boiling 
various basic 


conditions at temperatures as 


reference, it is found that 


(i) the presence of adipic acid depresses corrosion 
by nitric acid to the extent of about 50°. 


(ii) The effect of glutaric and succinic acids is 
somewhat similar to that of adipic acid but 


oxalic acid tends to increase corrosion. 


(iii) The presence of vanadium in catalytic quanti- 


ties of vanadate increases corrosion very 
greatly, and this corrosion is increased pro- 
portionally to increasing quantities of the 


vanadium. 


(iv) Copper in catalytic quantities has no effect 


on corrosion by itself and shows some ten- 


dency to reduce corrosion in general mixture. 


The rates are not affected by aeration. 


(Vv 


(vi) The presence of nitrous acid in the quantity 
observed in solution (ca 0-3°,) increases cor- 
rosion as the strength of the nitric acid rises 


to 60°, (as HNO, HNO, H,O). 


(vii) The effect of temperature is a major influence 
like that of vanadium. 


Plant design is further complicated however by 
the effect on corrosion resistance of heating opera- 
tions incidental to fabrication of plant equipment 
and of any stress relieving heat-treatment which 
may be considered necessary to guard against 
stress corrosion. 

The effect of heating plain 18: 8 chromium- 
nickel austenitic steel at 650-750°C is well known. 
Chromium carbide precipitates on grain bound- 
aries and depletes the chromium content of the 
adjacent zones. These zones are then liable to 
severe attack which penetrates deeply without 
necessarily being observable as weight loss and 
causes disintegration of the metal. If in fabricating 
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plain 18:8 equipment for service in corrosive 
conditions such heating cannot be avoided, 
corrosion resistance can only thereafter be restored 
by heating to about 1,000°C to redissolve the 
chromium carbide and then quenching, which 
cannot be done with large or complicated items. 
Some improvement may be obtained by heating 
for a period at 850°C-900°C to give time for 
chromium to diffuse from the matrix into the 
depleted zones. 

A definite advance was made by the addition 
of stabilizing elements— mainly titanium or 
niobium — which combine with the carbon prefer- 
entially. To achieve this a titanium-carbon content 
ratio over 4:1 or a niobium-carbon ratio over 
10: 1 is required. Under ordinary circumstances 
such stabilised steels show no reduction of corrosion 
resistance after heating at 750°C or adjacent to 
welds. 

However, in conditions which are at once 
strongly oxidizing and acidie such as in the nitric 
acid oxidation of cyclohexanol-cyclohe xanone to 
adipic acid with vanadium catalyst at tempera- 
tures over 70°C the corrosive conditions are as 
severe as the stabilised steel can withstand without 
excessive corrosion; and with 18-8 Ti the effect 
of heating or welding is sufficient to turn tolerable 
attack into a degree of corrosion involving much 
maintenance, many welds requiring to be remade 
after only 2-3 years plant sers ice, Similar experi- 
ences are described in reference [11]. 

Trouble of this type can be reduced in two 
ways. The better method is to use 18-8 Nb type 
steels which are much less sensitive to heating 
than 18-8 Ti (but more expensive). If 18-8 Ti 
must be used, stress relieving at 750 C must be 
avoided and wherever possible a heat treatment 
at 900°C given, which both removes stress and 
diffuses chromium to any depleted areas of the 
matrix. But heat treatment of large items at 
900°C involves many problems including those of 
distortion and scaling so that niobium steel not 
requiring heat treatment offers a great advantage. 

Examination of the behaviour of these two 
steels in the most severe conditions of the adipic 
acid process was made by the exposure of samples 
to the tails liquor from the concentration still 
(Figs. 2 and 3) which had the composition : 


nitric acid 36-8 %, 
(54°,, HNO, HNO, + H,O) 
adipic acid c 16%, 
copper e 025% 
ammonium vanadate ec 01% 
by-product organic acids c 16% 
water ¢c 31% 
18% 
x 
+60 
x 190 


T 


WEIGHT Moms/sq cm 


Fig. 6. Effect of temperature on the corrosion of welded, 

heat treated 18-8 Ti steel in adipic acid aqueous reaction 

mixture containing nitric acid (54% HNOs, 
H,0). 


Tests at various temperatures under boiling 
conditions were carried out in this liquor on 
welded specimens 3 in. }in. in. in size, 
having a butt weld running across the } in. face 
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A. F. Linpsay : 
at } in. from one end. Fig. 6 shows weight-loss 
rates at various temperatures which apply : 


(1) to the 18-8 Ti specimens heat treated for two 
hours at 880°C ; but are equally representa- 
tive of 


(2) the 18-8 Nb specimens which were not heat- 
treated ; and are not significantly less than 
those for 


(3) 18-8 Tispecimens which were not heat treated. 


However in the case of specimens of type 3 
(Ti: C about 4-5: 1) localized attack adjacent to 
the weld is obvious at 90°C and is present even at 
70°C; on similar steel but heat treated as in (1), 
only slight attack adjacent to the weld could be 
found under the microscope, even at 116°C ; with 
18-8 Nb steel (Nb : C about 10 : 1) no evidence of 
such attack was observed. 


In the concentration still calandria the acid 
concentration is the highest in the process and the 
input of heat from tubes carrying low pressure 
steam (120°C) gives high metal temperatures in 
contact with the acid. Choosing a temperature 
above 70°C to avoid deposition of adipic acid in 
the lower plates, the corrosion rate at 72°C from 


Nitric acid oxidation design in the manufacture of adipic acid 


Fig. 6 is nearly 9 mgm /sq. em 1,000 hours, equiva- 
lent to an average penetration of 0-1 mm per year; 
and in the absence of localised attack, a tem- 
perature of 72-74°C is on this basis regarded as 
near the maximum. This is equivalent to a 
reboiler pressure of about 100 mm Hg which is 
acceptable for the distillation process as discussed 
previously. 

In the two reactor sections the acid is weaker 
(45°, HNO, HNO, + H,O), and though turbu- 
lent is not boiling, and because of the jackets the 
metal temperature will be below that of the acid. 
85°C 


A higher temperature can therefore be 


permitted. 


CONCLUSION 
To sum up briefly it can be said of the nitric acid 
process to adipic acid from cyclohexanol-cyclo- 
hexanone that a catalyst has been developed and 
a material of construction specified for operation 
of the oxidation system within the temperature 
range of 70°C-85°C to give a smooth reaction at 
high yield without separation of solid adipic acid ; 
and with the operating conditions for the reactor 
systems described, the basis of this efficient and 
stable liquid phase continuous nitric acid oxidation 


process has been given. 
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DISCUSSION 


Prof. Edgar L. Piret : (University of Minnesota, Minne- 
apolis, Minn., U.S.A.) 


This paper is interesting and valuable in that it contrasts 
the overall yields obtained with several types of reactors 
and arrangements. 

However. I should like to suggest that, from the view- 
point of the chemical engineering literature, the value of 
this and similar papers would be considerably enhanced, 
if they included detailed batch data showing if 
possible the concentrations of the more important con- 
stituents as a function of time. 

From such batch data it should be possible to at least 
approximately calculate the optimum design and probable 
performance of some of the continuous reactor arrange- 
ments shown. 


some 


The Author : 


Some difficulties experimentally attach to obtaining 
the information suggested by Professor Piret and only a 
qualified amount of information can be offered. In the 
early stages of the development of this process it was 
hoped to obtain a considerable amount of information 
about reaction conditions from a series of batch experi- 
ments which could be relatively quickly carried out. 

The simple batch experiment of mixing the reactants 
and warming to reaction point has been shown to be 
uncontrollable over a wide range of reactant mixtures. The 
batch used thus as described the 
addition of the organic feed to the acid and « atalvst against 
a control temperature; and if constant acid strength 
conditions were required an appropriate addition of nitric 


process was above 


acid was made with the organic feed. 

The conclusions obtained, however, did not fully hold 
for continuous operation, possibly because continuous 
processing offers different inter-reaction conditions than 
apply in the batch process ; for example initiation of the 
reaction chain (discussed above) causes the yield of adipic 
acid to be lower and of by-product acids higher than in 
a continuous reaction system in which the reaction chain 
is established. 

In examining the yield of end products from a batch 
reaction as a function of time, the same difficulties would 
be met as in attempting to isolate reaction inte rmediates 
because of the very rapid reaction that is involved and 
the difficulty of sharply arresting the reaction chain of 
unstable nitrogen compounds. 

Examination of a continuous reaction however shows 
90°, of the mixed cyclohexanol-cyclohe xanone reaction 
to be complete from a contact time of 5 minutes at 
75-80°C. This would indicate an approximate yield to 


adipic acid at that stage of 83:5°% theory and other 
similarly derived yields are 88°, (10 mins.), 90%, ( 15 mins.), 
91-5%, (20 mins.) and 93°, (30 muins.). As far as has 


been observed the main byproducts — glutaric and succinic 
acids — are formed throughout the continuous reaction in 
the same ratio as they are found in the endproduct, e.g. 
the composition of the isolated crude acid derived from 
cyclohexanol is typically 93°, adipic acid, 46°, glutaric 
acid, 2.4% succinic acid while from cyclohexanone a 


typical analysis is 92-7, adipic acid, 5-9% glutaric acid 
and 1-4% succinic acid. The absence of catalyst has a 
considerable effect on these by-product ratios however; 
in the latter case for instance the yield of 93-94%, to 
adipic acid is dropped very substantially, largely because 
of a very considerable increase in succinic acid formation. 


o 


J. F. Clausen : (Velzen, Holland) 

Is there a special reason why 18 Cr 8 Ni-2°3 Mo steel, if 
necessary stabilized with Ti or Nb, has not beenin vesti- 
gated as regards the resistance against corrosion 

I quite agree with the author, that stress relieving is 
an awkward work for a complicated apparatus. Has 
stress corrosion been observed in the technical equipment 
and where ? 


The Author : 

Mr. CLAUSEN’s enquiry about the application of molyb- 
denum steels is understandable in view of the advantages 
frequently obtained from the incorporation of molybdenum 
in acid resistant steels. However, in this case the resistance 
of molybdenum steels e.g. 18 Cr, 8 Ni, with up to 4 Mo, 
and 18 Cr. 8 Ni, 3 Mo, 1 Ti, has been found in general to 
be inferior to 18 Cr, 8 Ni, 1 Ti steel, and at best confers 
no advantage. The same remarks can be applied to the 
incorporation of tungsten which probably confers pro- 
tection in the same way as molybdenum by localising 
chromium carbide precipitation. 

The best corrosion resistance in the steel would appear 
to have resulted from substantially reducing the carbon 
content to a safe level (ca. 0-0?°,); or fixing the carbon 
by the use of an element such as niobium with a higher 
affinity than chromium for carbon ; or using high chro- 
mium steels (e.g. 25 Cr, 2 Ni). It would be unwise of 
course to overlook the possibility of some combination 
of chromium, nickel, niobium and molybdenum in steel 
being superior in corrosion resistance and still a practical 
proposition in terms of cost and fabrication. 

Regarding the effect of stress, it need not be present in 
any large degree to accelerate failure from intergranular 
attack arising from depletion adjacent to 
welding. The two of stress and chromium 
depletion can arise from the same cause (welding in fabri- 


chromium 
conditions 


cation) and they can be relieved in the same way, so their 
relative influences are not easily distinguished. With 
18-8 Ti steel, corrosion adjacent and parallel to weld-runs 
has necessitated remaking welds in the vessels and tubes 
of the reaction systems shown ; corrosion has also occurred 
in the calandria of the concentration still, adjacent to the 
fillet welds between the tubes and tube plate with the 
attack penetrating botn the tubes and tube plate. ‘lo what 
extent unrelieved stress has contributed to these failures 
is difficult to apportion. 


R. C. Balaceanu : Pétrole, Reuil- 


Malmaison) 


(Inst. Francais du 

As regards the method of preparing adipic acid from 
cyclohexane the Institut Frangais du Pétrole has made 
adipic acid on a semi-technical scale with the following 
yields : 
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A. F. Linpsay : Nitric acid oxidation design in the manufacture of adipic acid 


Cl 
+ HCl > HCI adipte 
90°, 98° 75%, acid 
> adipic acid 
70%, 


The photochemical unit of chlorination, one of the first 
for a commercial product, gives at present 100 K day of 


CgH,,Cl. 


The Author : 


Dr. BALACEANU has described a synthesis of adipic acid 


from cyclohexane of which the most interesting features 
perhaps are the photochemical chlorination stage for 
itself, and the high materials efficiency. Comment on his 
bare statement of the route and yield must be confined 
to the observation that certain features of the process 
resemble the synthesis of adipic acid from benzene as 
discussed above in the introduction, and the remarks 
there made about the high materials efficiency and the 
corrosion from the of the 
chlorine ion have some application here also. A further 
interesting to have more 


problems arising presence 
point on which it would be 
information is the question of how readily the product 
responds to standard purification methods, particularly 
for example, since this can be troublesome, what amount 
of succinic acid is formed as by-product. 
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Special Supplement to Chemical Engineering Science, vol. 3, 1954. 


The BASF-process for production of acetylene by partial oxidation of 
gaseous hydrocarbons 


E. 


Ammoniaklaboratorium der Badischen Anilin- & Soda-Fabrik AG., Ludwigshafen a.Rhein /Germany 


Summary—The growing demand for acetylene and the increasing availability of methane 
made it desirable to open ways for transforming methane to acetylene. By thermodynamical 
calculation it was found that : 

1. Methane has to be brought to high temperatures ; 

2. A great reaction-enthalpy has to be brought in ; 

3. The reaction mixture has to be quenched fast enough to preserve the acetylene 
formed from decomposition into carbon and hydrogen. 

An advantageous way to bring in the reaction-enthalpy seemed to be a coupling of the endo- 
thermic reaction with an exothermic oxidation process. In order to quench the acetylene 
formed fast enough the reaction had to be in the form of a flame reaction of pre-mixed gases. 
The chemical-engineering problem was : 

1. To mix hydrocarbon and oxygen preheated to ~ 600°C while preventing the stabili- 
zation of a flame at the point of mixing ; 

2. To bring the mixture to the reaction zone without any premature reactions ; 

3. To stabilize a stationary flame at the entrance of the reaction zone ; 

4. To concentrate the flame zone in a small space in order to cool the reaction mixture 
by injection of water after a residence time short in relation to the life-span of 
acetylene at the flame-temperature. 

A burner, capacity 8 tons acetylene daily, was designed for these operations. 

Next the acetylene formed had to be separated as pure and completely as possible from the 
gas mixture resulting from the flame reaction, which contained about 84°, acetylene. A wash 
with a selective solvent was used for that purpose. By the use of rectification columns between 
wash zone and degassing zone and by using a mixture of water and selective organic solvent 
as a working solvent it was possible to separate the burner gas by only one circuit of the solvent 
into acetylene of the purity needed for chemical processes, and into a stream of higher acetylene 
homologues containing only small amounts of acetylene, and a lean gas containing only traces 


of acetylene. 


Résumé— La demande croissante d’acétyléne et la production montante de méthane ont rendu 
désirable de trouver des moyens pour transformer le méthane en acétyléne. 

Des calculs thermodynamiques ont prouvé que : 

1. le méthane doit étre porte a haute température ; 

2. une enthalpie de réaction importante doit étre fornie ; 

3. les produits de réaction doivent étre “ quenched " a une telle vitesse que la décom- 
position d’acétyléne formée en hydrogéne et carbone soit évitée. 

Il a paru qu'un moyen avantageux pour introduire lenthalpie de réaction est l'accouplement 
de la réaction endothermique & un procédé d’oxydation exothermique. Afin de produire un 
“quench * rapide de lacétyléne formé la réaction devait étre une réaction a flamme de gaz 
préalablement mélangés. Le probleme de génie chimique était : 

1. de mélanger lhydrocarbure et loxygéne chauffe préalablement a 600°C, tout en 

évitant la stabilisation d'une flamme a lendroit of s'opére le mélange ; 

2. de parter le mélange en chambre de réaction sans qu'une réaction prématurée ait 
lieu ; 

3. de stabiliser une flamme stationnaire & l'entrée de la chambre de réaction ; 

4. de concentrer la zOne de flamme dans un espace limité afin de refroidir le mélange 
de réaction aprés un temps de résidence court en comparaison du temps de vie de 
lacétyléne la température de flamme par linjection d'eau. 
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E. Bartuo.ome : The BASF-process or production of acetylene by partial oxidation 


Un braleur d'une capacité de 8 tonnes par jour a été developpé pour ces opérations. 

Le probleme suivant consistait a séparer l'acétyléne formé aussi complétement et aussi pur 
que possible d'un mélange de gaz contenant 8} % d’acétyléne et provenant de la réaction a flamme. 
A cet effet un lavage a un solvent selectif était choisi. En employant des colonnes de rectification 
entre la z6ne d’absorption et la zOne de “ stripping * et en utilisant comme solvant un mélange 
d'eau et d'un solvant organique sélectif on a réussi a séparer les gaz de réaction en un circuit du 
solvant en acétyléne du degré de pureté exigée pour des procédés chimiques et en un courant 
dhomoloques élevés d’acétyléne contenant seulement des traces d’acétyléne et un gaz “ leau ” 


contenant seulement des traces d’acétyléne. 


Zusammenfassung— Der wachsende Bedarf an Acetylen und der steigende Anfall an Methan 
machten es wiinschenswert, Wege zur Umwandlung von Methan in Acetylen zu finden. Thermo- 
dynamische Uberlegungen zeigen, dass zur Lésung dieser Aufgabe : 
1. Methan auf hohe Temperatur gebracht werden muss ; 
2. bei dieser hohen Temperatur eine grosse Reaktions-Entalpie zugefiihrt werden 
muss und 
3. das entstandene Reaktionsgemisch so schnell abgeschreckt werden muss, dass das 
instabile Zwischenprodukt Acetylen nicht weiter in Kohlenstoff und Wasserstoff 
zerfallt. 

Ein vorteilhafter Weg zur Einbringung der Reaktions-Entalpie schien die Kopplung der 
endothermen Reaktion mit einer exothermen Oxydationsreaktion zu sein. Um aber das gebildete 
Acetylen schnell genug abschrekcen zu kOénnen, muss die Reaktion in der Form einer Flamme 
vorgemischter Gase ablaufen. Die verfahrenstechnische Aufgabe bestand darin, 


1. die StrOme von getrennt auf etwa 600°C vorgewiirmtem Kohlenwasserstoff und 
von Sauerstoff zu mischen und dabei zu verhindern, dass sich an der Mischstelle eine 
Flamme bildet ; 

2. das reaktionsfihige Gemisch an die dafiir vorgesehene Reaktionsstelle zu leiten, 
ohne dass eine Vorreaktion eintritt ; 

3. beim Eintritt in den Reaktionsraum eine stationire Flamme zu stabilisieren ; 

4. die Flammenzone riumlich so zusammenzudriingen, dass das Reaktionsgemisch 
nach einer mittleren Verweilzeit, die klein ist gegeniiber der Lebenszeit des gebildeten 
Acetylens bei der Flammentemperatur, durch Einspritzen von Wasser abgeschreckt 
werden kann. 

Diese Aufgaben wurden fiir einen Reaktor, der eine Kapazitét von 8 t Acetylen pro 24 Stunden 
hat, gelést, Die niichste Aufgabe bestand darin, aus dem bei der Flammenreaktion anfallenden 
Gasgemisch, das etwa 8,5°% Acetylen enthilt, das Acetylen méglichst vollstandig und méglichst 
rein abzutrennen. Hierfiir wurde die Wische mit einem selektiven Lésungsmittel gewahlit. Durch 
Einschalten von Rektifikationszonen zwischen Waschzone und Ausgasungszone und durch 
Verwendung eines Gemisches von Wasser und einem selektiven organischen Lisungsmittel 
als Arbeitslésung gelang es, in einem Umlauf der Arbeitslésung das Abgas des Brenners in ein 
praktisch acetylenfreies Armgas, in Acetylen solcher Reinheit, wie es fiir chemische Synthesen 
bendtigt wird, und in einen Strom héherer Acetylen-Homologen, der nur unbedeutende Mengen 
Acetylen enthalt, zu trennen. 


1. AcETYLENE new plant for acetylene production means the 
Within recent years acetylene has become more erection of a new power plant. In addition, the 
and more a basic material for chemical syntheses. carbide process at some locations has to bear the 
The acetylene needed for these syntheses has been heavy transportation costs for great amounts of 
produced almost exclusively from calcium carbide. limestone and coke. Consequently, for some years 
The carbide process, however, has the great dis- | new and more economical sources of acetylene has 
advantage that about 10 kWh of electrical energy been sought. 
are needed for the production of 1 kg acetylene[1]}. Such a new source has been found in the lower 
Under present conditions of supply of energy a_ paraffinic hydrocarbons, more and more available 
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in the last decades in the off-gases of oil refineries 
and as main component of natural gas. Fig. 1 
shows the free energy of formation of methane, 
ethane, and acetylene as a function of tempera- 
ture. Above 800°K these free energies of forma- 
tion are all above the zero line; that is, all these 
hydrocarbons become unstable and may undergo 
a decomposition into carbon and hydrogen. But 
above 1500°K the curve for the free energy of 
formation for acetylene is below that of methane. 
Therefore, at these temperatures it is possible to 


600 600 1000 1200 1400 1600 1800 


Fig. 1. Free energy of formation of hydrocarbons. 


convert methane into acetylene. This conversion 
is endothermic. The equation of reaction is 


2 CH, = C,H, + 3 H, — 50 Keal. 


Because of the possibility that at the very tem- 
peratures at which acetylene is formed it may 
crack again into carbon and hydrogen, it is not 
a final product of thermodynamic equilibrium, but 
an intermediate. Whether it can be recovered as 
a final product depends on whether it can be 
removed from the reaction zone within a shorter 
time than its lifetime at reaction temperatures. 
From the standpoint of the chemical engineer 
the problem of acetylene production from gaseous 


hydrocarbons can be divided into the following 
parts: As a first step the reaction mixture has 
to be brought to high temperatures (in the case 
of methane over 1500°K). The second step is to 
provide the great reaction enthalpy needed at this 
high temperature. Finally the acetylene formed 
has to be brought out of the reaction zone faster 
than it can crack into carbon and hydrogen. 
One process used on a commercial scale, which 
solves these problems successfully, is the electric 
are process [2]. Fig. 2 shows a reactor developed 


Fig. 2. Electric are process 7,000 kW furnace. 


for this process. The gaseous hydrocarbons are 
sent through a cylindrical reaction pipe at high 
velocity. Simultaneously a high direct current 
voltage is discharged through the gas. In the 
flowing hydrocarbon an electric are is formed, 
whose length is stabilized by the flow velocity of 
the gas. In its discharge the electric energy is 
transformed to the very high temperature of the 
gas (about 6,000°C). This temperature provides 
for the reaction enthalpy needed for cracking 
methane to acetylene. By quenching the gas 
mixture thus formed at the outlet of the reaction 
pipe proper the acetylene is preserved. By this 
electric are process it was found possible to 
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substitute hydrocarbons for limestone and coke, 
but the consumption of electric energy per kg 
acetylene is still of the same order of magnitude 
as in the carbide process. A few variations on the 
electric are process have been made in the last 
years [3], but they could not change the basic 
disadvantage, namely, the high consumption of 
electric energy. 

There is another possibility of supplying energy 
to a reaction mixture at high temperatures: as 
a first step the required heat is transferred to 
stones. As a second step the stones transfer the 
One of the 
disadvantages of this process is its cyclic opera- 


stored heat to the hydrocarbon. 


tion. Furthermore, the high endothermic heat of 
reaction for the formation of acetylene from hydro- 
carbons makes it necessary to alternate incon- 
veniently rapidly between heating and reaction 
periods. The main difficulty when methane is 
used seems to be the rather high reaction tem- 
perature in respect to the ceramic material used. 
The processes of Runrcnemie [4] and Wutrr [5] 
use the principles described. Apparently for the 
reasons described, these processes have not been 
run on a technical scale up to now as far as 
methane is concerned. 


2. Tue Oxycen Process 

The BASF-process [6] is based on the idea of 
producing the high temperature and supplying 
the reaction enthalpy by oxidation of a part of 
This 
operation possible, and at the same time heat is 
produced on the very spot, where it is needed, 
without any transfer through walls. 


the hydrocarbons. makes a continuous 


Former 
processes [7] attempted to meet the conditions 
of acetylene production by simply burning oxygen 
in methane. They were not able, however, to 
withdraw the acetylene formed fast enough from 
the reaction zone before it was cracked again. The 
flame burns at the point of mixing of oxygen and 
The 
much more time than the lifetime of the acetylene 
formed. 


hydrocarbons. process of mixing needs 
By the time all the oxygen has reacted 
the greater part of the acetylene formed has 
split. 

The basic idea of the BASF-process is to have 
the flame reaction leading to the formation of 
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The difference 
between such a process and the older one may be 


acetylene in a premixed gas. 


compared to the difference between the flame of 
In the 
bunsen-burner the chemical reactions are going 


a bunsen-burner and that of a candle. 


on independently of the mixing process and their 
rate is only defined by the composition of the 
mixture. In a given volume the conversion is 
much greater than in a flame burning at the point 
of mixing. This process makes it possible to 
shorten the residence-time of the acetylene formed 
in the reaction zone, so that it may be withdrawn 
without cracking. 

In developing such a process a series of chemical 
engineering problems had to be solved. In order 
not to consume an excessive amount of oxygen in 
bringing the gas mixture to reaction temperature, 
it was necessary to preheat the hydrocarbon and 
oxygen externally to as high a temperature as 
Such 
preheating, by increasing the flame velocity, also 


possible before entering the reaction zone. 


makes it possible to increase the mass flow in the 
reaction zone. Since there is a possibility of 
reactions occurring during the preheating period, 
both reaction partners have to be preheated 
separately. The first problem was how to mix 
the preheated oxygen and hydrocarbon while 
preventing the formation of a flame on the spot 
of mixing, even if the ratio of the mixture is 
such that a flame reaction is possible. For, once 
the flame burns at the point of mixing, it is 
impossible to preserve the acetylene formed. 
Furthermore, a flame at this spot would destroy 
the reactor. It is possible to have the oxygen 
shut off by quick-closing valves at the appearance 
of flames, but in this way production would be 
It is therefore better to take all 


steps in the first place to prevent the formation 


stopped, too. 


of a flame at the point of mixing, rather than to 
rely on belated safety precautions. 

Basically, three factors may cause a flame at 
the spot of mixing. First, the flame from the 
reaction zone proper can flash back. Secondly, a 
flame may start in the mixture without a flash- 
back the 


stabilized at the point of mixture. 


from reaction zone proper, and be 


A well con- 
structed reactor has to prevent these two effects. 


They will be discussed later on. There is no 
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possibility, however, of preventing small particles 
being swept into the hot gas mixture, which may 
be the third cause for a local reaction. Such 
particles could be rust, carried over from the 
methane supply pipe into the methane preheater 
and reduced there to iron by the high tempera- 
tures. Meeting with oxygen they oxidize to iron 
oxide, developing sufficient heat to start a flame. 
By attention to details of construction the danger 
of rust being carried over may be decreased, but 
never completely eliminated. The mixing arrange- 
ments are, therefore, best protected by preventing 
the possibility of the stabilization of such a local 
flame at any place in the mixing arrangement. 
Lewis and v. Ese [8] showed the conditions 
that stabilize a flame of premixed gas on the 
mouths of burners. Their results may be sum- 
marized by saying that anywhere in the combust- 
ible mixture the speed of the gas has to be greater 
than the flame velocity. 

Since the flame velocity in the mixture is not 
very high, it is not difficult to fulfil these condi- 
tions after the gas is mixed, but in the neigh- 
bourhood of the point of mixing all ratios of 
mixture are to be found. The flame velocity 
depends markedly on the ratio of mixture and 
has for methane-oxygen a maximum near the 
stoichiometric ratio. Now mixtures with this 
maximum flame velocity are somewhere near the 
point of mixing. Therefore if these zones coincide 
with bad flow conditions, a stable flame may be 
established. Naturally the first thought is to have 
a high absolute speed of the gas but this is not 
sufficient, because the average speed only can be 
increased by increasing the mass flow. It can be 
seen from the above discussion, however, that 
only local speeds are important. 

The flow conditions inside technical mixing 
equipment have not yet been mastered theoretic- 
ally. There was no other way than to develop in 
strenuous step-by-step work a satisfactory mixing 
arrangement by measuring systematically the 
flow pattern in a great number of models, and 
by continuously transferring results thus gained 
to a technical scale. Thus it was possible to 
develop a mixing arrangement in which a local 
flame cannot stabilize but is blown out into the 


reaction zone. 
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After the mixing step the mixture of oxygen 
and hydrocarbon has to be carried over to the 
reaction zone. The preheating temperatures 
being about 600°C and more the mixture is able 
to react. That is, if this mixture is left to itself, 
flame-reaction without any external cause will 
occur after a certain time, the induction period. 
Therefore it is a question of residence time only, 
i.e. of the time between the point of mixing and 
the point where reaction is provided for, whether 
reaction occurs or not. If a premature reaction is 
to be prevented under all circumstances, not only 
the average, but the actual residence time of 
every single volume of gas has to be shorter than 
the induction period. 

In order to prevent a flash-back from the 
reaction zone into the mixing chamber these two 
zones have to be separated by a region, in which 
the speed of gas at any place is higher than the 
flame velocity of the mixture. A burner block 
consisting of ceramic material with cylindrical 
channels fits these conditions. If the average 
speed of gas in these channels is chosen high 
enough, the block provides sufficient protection 
against flash-backs. 

The prevention of flash-backs is but one of the 
purposes of the burner block. Its form is influenced 
much more by the the fact that the block confines 
the reaction zone proper to one side. In doing 
this it has to stabilize by its geometric form a 
stationary flame, in which acetylene is formed 
at the outlet of the hydrocarbon-oxygen-mixture 
from the channels. The problem of stabilizing 
the flame was one of the most difficult to be 
solved in developing the process. The flame 
velocity of the hydrocarbon-oxygen-mixture at 
the optimum ratio for acetylene production is 
very low. Even with preheating to 600°-700°C it 
is only about 40 cm/sec [9]. The possibility of 
the flame being blown away from the burner 
increases with decreasing flame velocity. 

Quite a number of methods which have been 
used successfully elsewhere to stabilize unstably 
burning flames could not be used in the acetylene 
process. It was found, for example, that in thermal 
cracking reactions, which is what the transforma- 
tion of methane into acetylene basically is, the 
formation of solid carbon (ss0t) cannot be 
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prevented. Therefore, the possibility of stabilizing 
the flame on obstacles inside the reaction zone 
proper, be it by their form or their temperature, 
was excluded from the beginning. The carbon 
formed in settling on these obstacles changes 
their surface. Consequently the location of the 
flame is gradually changed. 

Another method is to stabilize flames by having 
a stably burning pilot flame. Then the main 
flame stabilizes on this pilot consisting preferably 
of a flame of non-premixed gases burning on the 
point of mixing. In the case of the oxygen process 
the burning of oxygen in the hydrocarbon-oxygen- 
mixture results in very stable pilot flames. They 
are actually used to start the main flame in the 
beginning of the process and in cases where the 
main flame was accidentally extinguished. But 
since the reaction zone is extended very far 
perpendicularly with respect to the main gas 
stream, the actual stabilization of the main flame 
“an be achieved only partly by pilot flames, 
because a large number of pilot flames consuming 
a great part of the mixture without producing 
acetylene would be needed to stabilize the main 
flame to the extent necessary. Therefore, the 
conditions for a stable flame on the mouths of 
the channels in the block could be fulfilled only 
by proper shaping of the block. Since the flame 
velocity is higher than the speed of the gas in 
the eddies formed at the outlets of the channels, 
the conditions for stabilization of a flame have 
been met. 

The gas mixture enters the reaction room from 
the channels of the burner block in the form of 
rays. A conical flame, like the inner cone of the 
flame of a bunsen-burner, would form below each 
channel if the gas were laminar flow. Turning to 
turbulent flow, however, the flame velocity of the 
mixture becomes essentially higher than at 
laminar flow [10]. The mass flow in the reaction 
zone can be increased and the average time of 
residence decreased. At the same time the 
appearance of the flames changes; the single 
cones are shortened and combined if the burner 
block is suitably formed. Fig. 3 shows schematic- 
ally the processes in the reaction zone. A defined 
flame front cannot be seen any more. The rays 
coming from the channels of the block can be 


recognized only by deformation of part of the 
surface of the flame; between them are regions 
covered fairly homogeneously by the flame. If 
the picture of a flame front should be applied at 
all to such a turbulent flame, it can be said that 
a region of the flame zones diameter is filled 
statistically homogeneously by a very tangled and 
folded flame of a few centimetre’s thickness. Such 
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Fig. 3. Og process, reaction zone. 


a flame zone is pretty close to the ideal of a 
reaction zone filling the reaction zone diameter 
and passed by the gas in piston-flow. The gas 
velocity being very high, the reaction mixture is 
in a fairly homogeneous state after passing the 
flame zone. 

By the injection of water into this reaction gas 
it is possible to lower its temperature fast enough 
to preserve the acetylene contained in the mix- 
ture. The quenching is done in the way used in 
the electric are process. Since the speed of the 
gas leaving the reaction zone is very high the 
water has to be atomized by nozzles only to the 
extent to reach the centre of the gas stream. 

Mixing, withdrawing the mixed gas from the 
spot of mixing, preventing flash-backs, stabilizing 
the reaction flame, quenching the flame, these 
steps of the process are too closely connected to 
be separated in the equipment. Therefore, one 
reactor designed for all these processes, a so-called 
‘* Burner’ had to be constructed for this flame 
reaction. 
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A burner as used on a commercial scale is shown 
in Fig. 4. This burner is central-symmetrically 
designed. The mixing arrangement is in the head 
of the apparatus. The rough mixing being com- 
pleted the speed of the gas is decreased by conical 
expansion of the mixing zone. At the end of 
this “ Diffusor’’ there is situated the burner 
block, bearing numerous cylindric channels. The 
geometrical distribution of the channels assures a 
stable flame at the outlet of the gas mixture. The 
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Fig. 4. O,-process, acetylene burner. 


reaction zone, where the reaction actually occurs, 
has a depth of a few centimetres only. After being 
quenched the cracked gas leaving the burner is 
at about 80°C and is saturated with steam. It 
contains about 84°, acetylene, the remainder 
being carbon monoxide and hydrogen besides 
non-reacted methane and 4%, carbon dioxide. 
As already mentioned, the formation of soot 
cannot be prevented in the flame reaction. In 


spite of its insignificance in proportion to the 
acetylene formed the mere presence of soot makes 
efforts for its elimination necessary. A _ special 
process was developed to separate the soot from 
the gas by passing the gas countercurrently 
through a bed of granulated filter material. The 
part of the filter material with the maximum 
load of soot is removed continually or periodically, 
cleaned and carried back to the top of the filter. 
The gas passes through the filter continuously. 
Leaving the filter the gas contains only a few 
mg m* of soot and can be processed without any 
further special purification measures. 

Fig. 5 shows a flow-sheet for the whole of the 
synthesis. There are the two preheaters in which 
oxygen and hydrocarbon are pre-heated separately 
to temperatures of 600°C and more. The most 
important piece of equipment is the burner already 
described in detail. Since the cracked gas leaves 
the burner at about 80°C and saturated with 
steam it has usually to be cooled down before 
further use. This is done in direct gas coolers 
conventionally designed ; for example, in packed- 
tower coolers with countercurrent of water. The 
soot filter has some secondary equipment to 
separate the soot from the filter material and to 
collect it before further use or disposal. The 
offwaters of the burner and the gas cooler contain 
soot also. If it is impossible to dispose of this 
water into the sewer, the soot can be separated 
from the water by a soot-settler. The soot won 
thereby looks dry and may be further used or 
disposed of. The hot water coming from the soot- 
settler is partly used again for quenching in the 
burner. 

The capacity of the burners installed on 
technical scale is about 8 metric tons of acetylene 
daily. Each burner has its own preheaters, gas 
cooler and soot filter. In the case of several units 
run in parallel the streams of cracked gas are 
combined after the soot filters. 


3. Propvuction or Pure ACETYLENE 
FROM THE CRACKED Gas 
The gas produced by the burners can be used 
as such only in a few chemical processes. In 
BASF’s plant at Ludwigshafen, for example, it is 


100 


4 
4 
a 
Faw 
VAs AA 
= VW V/A 
VA 
‘ | 4 Y SUPP 
V4 1954 
\ 
q 
¢ 
| 
i 
4 
4 
? 
q 
iam 
Gee 
|| 
Ve 


954 


E. Bartnotomé : The BASF-process for production of acetylene by partial oxidation 


used for the production of acetone. The reaction 
equation is : 


2 C,H, + 3H,0 — CH,COCH, + CO, + 2H, 


The main advantage of this process is that the 
steam needed for the reaction is already present 
in the cracked gas after the quenching of the 
burner gas. 

If the acetylene is to be used universally in 
chemical processes, it has to be recovered from 
the cracked gas and purified. There being no 
process by which the acetylene can be recovered 


during the absorbing step, the problems are not 
solved by a simple absorption and subsequent 
degassing. All these gases would be freed during 
the degassing and pollute the product acetylene. 
Therefore, after the acetylene contained in the 
cracked gas has been dissolved as completely as 
possible in the solvent, a rectification step is 
added. In this, part of the product acetylene is 
led in countercurrent to the solvent. There 
acetylene is dissolved and components with lower 
solubility are stripped from the solvent. It is 
possible to establish by variation of the reflux 
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Fig. 5. O,-process, flow sheet of synthesis part. 


from the gas mixture in a single step, several 
steps are necessary. 

The following methods are possible : adsorption 
by solid adsorbents, low-temperature-distillation, 
absorption by selective solvents. Primarily for 
safety reasons the washing with selective solvents 
was chosen. By this process acetylene will be 
separated from the gases with lower coefficients 
of solubility as well as from those with higher 
ones. Since certain amounts of all components 
of the cracked gas are dissolved in the solvent in 
proportion to their partial pressure and solubility 


ratio the proportion of other components with 
lower solubility which the product acetylene shall 
contain. 

It is more difficult to separate the components 
with higher solubility. These are mainly higher 
homologues of acetylene. Left in the solvent 
they would accumulate to high concentrations and 
pollute the product acetylene according to their 
Furthermore, they tend to 
Therefore, these 


partial pressure. 
polymerize in the solution. 
substances have to be eliminated continually 
from the circulation of the solvent. 
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The problem was solved in the following way : 
instead of a single solvent, a mixture of water and 
an organic solvent miscible with water and with 
a boiling point above 100°C was used as a working 
In the degassing step part of the water 
thus 


solvent. 
is continuously evaporated. The steam 
with higher 
Thus an un- 


developed strips the substances 
solubility than acetylene also. 
favourable accumulation of these gases is avoided. 
At the same time a number of other advantages 
are gained. The solvent having been stripped 


thoroughly does not contain any acetylene when 
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leaving the degassing zone, and entering the 
absorbing zone. With such a solvent the acetylene 
can be recovered to a great extent from the 


cracked gas. Furthermore, the use of such 
mixtures allows recovery of the vapours of the 
solvents in the gas streams by a simple proce- 
dure. These streams pass through washing columns 
where they are washed with water. The aqueous 
solutions resulting are brought back to the main 
circuit and keep the water level in the solvent 
constant. 
small. 


Thus the losses of solvent are very 


OXIDATION PROCESSES 


In Fig. 6 the flow-sheet of the concentration 
plant is shown. The cracked gas is pumped by a 
compressor and passes through a washing-tower 
from bottom to top. The solvent flowing counter- 
currently to the gas takes up the acetylene. Thus 
loaded with acetylene it is brought to a second 
tower, into which acetylene is introduced at the 
bottom to strip from the solvent all components 
After 
being combined with the cracked gas the stripping 
Thus no 


with lower solubility and carry them up. 


gas is returned to the washing zone. 
acetylene is lost. At the bottom of this rectifica- 


pA 


a 
\ 


Reflux | 


O,-process, flow sheet of concentration part. 


tion column the solvent contains practically pure 
acetylene. There the product acetylene is with- 
drawn as a sidestream. The solvent is stripped of 
the components with high solubility in a degassing 
tower. First at moderately increased tempera- 
tures, then at higher temperatures and decreased 
pressure, finally by stripping with steam. 

All these units contain rectification devices. 
Therefore, at the bottom of the stripping zone, 
the solvent is found to contain an accumulation 
of the. more soluble higher acetylenes but almost 


no acetylene. These higher acetylenes may be 
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E. BArTHOLOME : The BASF-process for production of acetylene by partial oxidation 


withdrawn together with the stripping steam. The 
solvent is cooled after leaving the stripping zone 
and can be fed again into the wash-tower. By 
these means it is possible to separate the cracked 
gas in a single solvent circuit into lean gas free 
from acetylene, into product acetylene and into 
a stream of higher acetylenes. The impurities in 
the product acetylene are : 


Carbon dioxide about 0-2. Vol.-°,, (variable 
as required) 


Propadiene 0-2 Vol.-% 
Propine 0-1 Vol.-% 
Diacetylene 0-02 Vol.-% 
Benzene 0-005 Vol.-°, 


Acetylene of this composition may be used like 
acetylene from carbide in all chemical reactions 


investigated up to date. It is now used on a 


UPP. 


technical scale for the production of acetal- 
dehyde, vinyl chloride and acrylonitrile. 

The following figures taken from commerical 
plants show the amounts of raw materials con- 
sumed for the production of one kg acetylene in 
the product acetylene : 


Hydrocarbon 43 kg 


Oxygen 49 kg 
Solvent 0-005 kg 
Steam 400 kg 


Electric energy 1-5-2 kWh (electric motors 
for compression 
of cracked gas) 


These figures show that by the BASF-process the 
inactive methane may be transformed to acetylene 
in a very economical way, and the consumption of 
electric energy may be decreased by one order of 
magnitude compared with the older processes. 
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Several speakers ask to be informed on the influence of 
variations in the composition of the feed. In this respect 
mention is made of : refinery gases (including hydrogen); 
higher hydrocarbons (reaction temperatures ?); gaseous 
diluents such as hydrogen, particularly in the proportions 
existing in coke oven gas; natural gas from a pipeline. 
The questions also refer to the presence of impurities, such 
as sulphur, ete. 


The Author : 


Methane is mostly used as the feed, because it is the 
cheapest raw material available. It is possible, neverthe- 
less, to use other hydrocarbons as long as they are gases 
at normal temperatures. For instance experiments using 
propane as feed were run successfully, The consumption 
figures (kg hydrocarbon kg acetylene, kg oxygen/kg 
acetylene) were hardly changed. Gaseous diluents as 
existing in natural gas are of no sensible influence. Greater 
amounts of hydrogen however, are not favourable. The 
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DISCUSSION 


acetylene-production is not disturbed by the presence of 
sulphur in the feed. This sulphur reacts in the flame to 
H2S and is found generally in the product-acetylene. 


Dr. J. C. Vilugter : (Kon. /Shell Lab., Amsterdam) 


I would like to be informed on safety precautions which 
are made to prevent backfiring. 

Further, as the CO, Hg mixture can be considered as a 
main end product of the process it would be appreciated 
if the author could supply the yield figures in relation to 
the amount of acertylene formed. 


The Author : 


There exists a central safety system, that cuts off the 
Og g-stream immediately in case of trouble. Any failure is 
indicated by a number of signals that start this system. 

About 10 Nm® lean gas containing 85-88% CO + He 
corresponds to 1 kg produced acetylene. 
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Dr. J. van Steenis : (Centr. Lab. Staatsmijnen, Geleen) 


Prof. BARTHOLOME states that the flame reaction should 
occur in the premixed gases in order that the reaction 
gases are quenched fast enough 

As the time between flame formation and quenching 
will be of the order of 10~? see both a premixed flame and a 
diffusion-type flame might have been used. Furthermore, 
it follows from the free energy graphs that acetylene could 
have been obtained in suflicient concentration at the 
diffusion flame temperature. 

There is, however, undoubtedly a much larger yield in 


acetylene when using premixed flames Could Prof. 
BarTHOLOME give his opinion about this importance of the 
premixing. 


If the mixing of the gases occurs before preheating a 
longer mixing time is reached, and great local concentration 
fluctuations are only obtained at low temperature. Why 
is a mixing after preheating preferred. 


The Author : 


The residence time of the acetylene in the combustion 
zone is not of the order of 10~?sec but 10~%sec. Therefore, 
if a flame is to burn at the point of mixing, the mixing 
process has to be finished in this time. In order to bypass 
this difficulty we prefer to separate the steps of mixing 
and chemical reaction We are pre-heating separately, 
since a pre-heating of the mixed gases seemed to us to be 
dangerous. 


M. Zvegintzov : (Nat. Res. Dev. Corp., London) 


Is it the object of a short and steady flame to reduce 
the residence time in the hot zone ? 
What are : (a) the residence time in the flame ? 
(b) the time of quench down to 80°C ? 
Have any experiments under pressure been made - if 
so, with what results ? 


The Author : 


To shorten the residence time in the hot zone has 
indeed been one of the main purposes in developing the 
flame-room. We do not know very much about the time 
in which the reaction-mixture is quenched down to 80°C. 
Certainly a quenching down to 1,000°C is sufficient to 
withdraw the acetylene from the flame zone without its 
splitting. In our process, however, the additional quench- 
ing is an integral part of the first quenching. Experiments 
under pressure have not been made. 
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Dr. H. W. Herreilers : (Electro Zuur-en Waterstaffabr., 
Amsterdam 
The application of chemical reactions is always a 
question of cost. How is the situation of acetylene obtained 
by the normal carbide process as compared to that 
obtained by the BASF-process, if we base the cost of 
metnane on the calorific value of coal. 


The Author : 

Under European conditions it is cheaper to produce 
acetylene by the Og-process than by the carbide-process 
if the price for a Keal in the form of methane is the same 
as that for a Keal in the form of coal. 


S.A. Gregory : (Scunthorpe, Lincs.) 

Asks whether there are any useful generalizations on 
stabilizer design which may be drawn from the numerous 
experiments made ? 

He would further like to be informed on the particle size 
of the soot and the removal efficiency obtained from the 
soot filter and on the particular selective solvents used. 


The Author : 

The only generalization obtained is to prevent a back- 
flow of hot flame gas at the mouth of the burner-bloc where 
the gas-stream leaves the channels. 

The particle size of the soot is very badly defined since 
only agglomerates are separated and not the primary 
particles. 


A. B. H. Vervoorn : (Delft University) 

The amount of electrical energy which is given at the 
end of the paper does not include the quantity needed for 
the production of oxygen. Either this will ask for an 
additional amount of electric power or combustion of a 
part of the synthesis gas produced as by-product. Together 
with the capital investment of the oxygen plants would 
not this be a disadvantage with respect to the regenerative 
furnace, which only uses the off-gases as heat supply, as 
operated on pilot plant scale by the Wulff Process Co. 


The Author : 

The cost of energy-consumption in addition to the 
investment cost of the Og-plant is undoubtedly a serious 
handicap of any Og-process. 

Apparently the advantages of our process are greater 
than its disadvantages. This conclusion may be drawn 
from the fact that two of the plants that are now working 
on technical scale, are being enlarged after just one year 
of production. 
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Oxygen processes in the steel industry 


W. J. B. Cuatrer 


The British Oxygen Company Ltd., Morden Factory Estate, London 


Summary—The extent to which oxygen has replaced iron ore and air in post war iron and 
steelmaking has been reviewed and the main advantages of oxygen summarized. In the com- 
bustion of fuel gases for heating, oxygen has been used to increase melting rates in open hearth 
furnaces. Pipes for oxygen introduction are protected by water cooling or heavy refractory 
coatings. The partial combustion of towns gas with O, produces a high temperature reducing 
atmosphere designed to prevent scaling in reheating furnaces. Oxidation of metalloids in the 


liquid phase by oxygen is used extensively in electric furnaces, open hearth furnaces, converters 
and ladles. In electric furnaces oxygen as a means of utilizing stainless steel scrap is particularly 
attractive in the refining of high alloy content steels, while in open hearths oxygen provides a 
means of rapidly attaining low carbon contents with reduction in fuel consumption and hearth 


wear. In converters oxygen has been used to increase production, while oxygen-steam, oxygen- 
carbon dioxide and blowing from the top with ore addition have all been used to obtain steels 
of quality, comparable to open-hearth steel. Oxygen pretreatment in the ladle is used to reduce 
the metalloid content of open hearth furnace charges. In solid fuel combustion, producer gas 
“an be upgraded to increase melting rates in open hearth furnaces. Oxygen is used to increase 


ferromanganese production and to decrease the specific fuel consumption. In cupolas oxygen 
permits faster melting rates. It is concluded that more extensive use will be made of oxygen 
in the future. 


Résumé— La mesure dans laquelle l'oxygéne a remplacé le minerai de fer et lair dans l'industrie 
sidérurgique de l'aprés-guerre est passée en revue et les principaux avantages de l'oxygéne sont 
résumés. Dans la combustion de gaz combustibles pour chauffage, loxygéne est employé dans 
le but d’élever les vitesses de fusion dans les fours Martin. Les tuyaux d’admission de I’. xygéne 
sont protégés par refroidissement a Peau ou par un revétement réfractaire solide. La combustion 
partielle du gaz d’éclairage a.ec O, crée une atmasphére réductrice 4 haute température visant 
a prévenir lécaillage dans les fours 4 rechauffer. L’oxydation des métalloides dans la phase 
liquide au moyen d’oxygéne s’emploie sur une grande échelle dans les four électriques, les fours 


Martin, les convertisseurs et les poches de coulée. Dans les fours électriques l'emploi d’oxygéne, 

comme moyen d‘utiliser la mitraille d’acier inoxydable, est particuli¢rement intéressant dans le 

raflinage d’aciers alliés 4 haute teneur, alors que dans les fours Martin loxygéne fournit un moyen 

d’atteindere rapidement de faibles teneurs en carbone avec réduction de la consommation du 

combustible et de Pusure du four. Dans les convertisseurs loxygéne a été employé pour augmenter 

la production, alors que les mélanges oxygéne-vapeur et oxygéne-gaz carbonique, injectés par le 

haut avec addition de minerai, ont tous été utilisés pour obtenir des aciers de qualité supérieure, 

comparables aux aciers fabriqués dans le four Martin. . 
Le pré-traitement a loxygéne dans la poche de coulée s‘emploie pour réduive la teneur en 

métalloides des charges du four Martin. Dans la combustion 4 combustible solide le gaz de 

gazogénes peut étre amélioré pour augmenter la vitesse de fusion dans les fours Martin. 
L/oxygéne est employé pour augmenter la production de ferro-manganése et pour abaisser la 

consommation spécifique de combustible. Dans des cubilots loxygéne permet d’obtenir des 

vitesses de fusion plus élevées. 


On conclut en disant que loxygéne sera employé sur une échelle plus étendue a l'avenir. 


Zusammenfassung—Es wird besprochen inwieweit der Sauerstoff in der Nachkriegszeit das 
Eisenerz und die Luft in der Eisen- und Stahl-industrie ersetzt hat und die wichtigsten Vorteile 
des Sauerstoffes werden aufgefiihrt. Bei der Feuerung von Heizgasen wird der Sauerstoff zur 
Steigerung der Schmelzgeschwindigkeit in Siemens-Martin-Ofen benutzt. Die Sauerstoffein- 
fiihrungsrohre werden durch Wasserkiihlung oder mittels schwerer feuerfester Bekleidung 
geschiitzt. Die teilweise Feuerung von Leuchtgas mit Sauerstoff erzeugt eine reduzierende 
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Atmosphiire von hoher Temperatur, die der Zunderbildung in Wirmedfen vorbeugen soll. Sauer- 
stoffoxidation von Metalloiden in der Flissigkeitsphase findet hiufig Anwendung in elektrischen 
Ofen, Siemens-Martin-Ofen, Konvertern und Giesspfannen. In elektrischen Ofen ist Sauerstoff * 
als Mittel zur Verwertung von rostfreiem Stahlschrott besonders interessant bei der Reinigung 
von hochlegiertem Stahl, wihrend in SM-Ofen Sauerstoff die schnelle Erzielung von niedrigen 
Kohlenstoffgehalten und somit Herabsetzung des Kraftstoffverbrauches und der Anfressung des 
Ofens ermédglicht. In Konvertern wird der Sauerstoff zur Steigerung des Produktion benutzt, 
wahrend Sauerstoff-Dampf- und Sauerstoff-Kohlensiure-Gemische sowie Sauerstoff Zufiihrung 
von oben mit Erzzusatz alle zur Erzeugung von hochwertigen, mit Siemens-Martin Stahl ver- 
gleichbaren Stahlen dienen. 


Eine Sauerstoff-Vorbehandlung in der Giesspfanne wird gegeben um den Metalloidgehalt des 
Bei der Feuerung von festem Brennstoff kann des Generatorgas 
Die Verwendung 


SM-Ofeneinsatzes herabzusetzen. 
verwendet werden um die Schmelzgeschwindigkeiten in SM-Ofen zu steigern. 
von Sauerstoff erméglicht es, die Ferromanganproduktion zu vergrossern und den spezifischen 


Brennstoffverbrauch herabzusetzen. 
geschwindigkeiten. 


von Sauerstoff sich vergréssern wird. 


Iron and steel are normally produced with the 
aid of oxygen in the form of air or an oxide of 
iron. The oxidation processes in iron and steel- 
making are of three distinct types ; combustion 
of fuel gases for heating ; oxidation of metalloids 
combustion of solid 


in the liquid phase; and 


fuels. Combustion of fuel gases for heating is 
represented in Open Hearth steelmaking where 
the heat of oxidation raises and maintains the 
temperature in the furnace. Oxidation of metal- 
loids in the liquid phase occurs later in the 
steelmaking cycle, when iron ore is used to oxidize 
unwanted impurities in the iron, such as carbon, 
silicon, phosphorus and sulphur. In the basic 
Bessemer converter air is used to oxidize these 
impurities, and by of the exothermic 
nature of the oxidation reaction the temperature 


of the metal in the converter is maintained and 


virtue 


increased. Combustion of solid fuels is 
sented in the blast furnace, where air is used to 
burn coke and thereby supply sufficient heat and 


carbon monoxide for the reduction of iron oxide 


repre- 


to iron. 

Briefly then, the oxidation processes which are 
in every day use in steelmaking and which will 
be dealt with in this paper can be classified as 
follows : 


(1) Fuel gas combustion ; combustion of flames 
in Open Hearth furnace ; partial combustion 
to produce reheating furnace atmospheres. 


(2) Oxidation of metalloids in the liquid phase. 


In Kupoléfen erlaubt der Sauerstoff héhere Schmelz. 
Die Schlussfolgerung bezieht sich darauf, dass in der Zukunft die Verwendung 


Metalloid removal in Bessemer and Tropenas 
converters ; Electric furnaces ; Open Hearth 
furnaces and ladles. 


(3) Solid fuel oxidation, such as the combustion 
of fuels in blast furnaces, producer gas fur- 


naces and cupolas. 


From this brief review it is obvious that the 
oxidation processes in iron and steelmaking are 
most extensive and it will therefore be impossible 


to deal with them all in great detail in this 
paper. 
For many years iron and steelmakers have 


considered the possibility of replacing air and 
iron oxide by oxygen, and it is this particular 
aspect of the subject which will be dealt with 
here. The idea of using oxygen in the blast of a 
Bessemer converter appears in Henry Bessemer’s 
original patent in 1856. It was not, however, 
until 1925 [1] that any particular attention was 
given to the use of relatively pure oxygen, since 
up to that time the cost of oxygen had made its 
use prohibitive. Even today, despite all the 
developments in the manufacture of oxygen, the 
use of gaseous oxygen is still less common than 
the established practice of using oxygen as air 
or iron oxide. It does seem however, that oxygen 
has gained a recognised place in the technique 
of steelmaking and that its use is steadily expand- 
ing. 

The main advantages of oxygen as opposed to 
air and iron ore can be summarized as follows. In 
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the first place there is no nitrogen ballast as 
sarried by the air. This elimination of nitrogen 
has three main results; better transfer and 
economy of heat, higher reaction temperature 
and an increased rate of the oxidising reactions. 
In the second place the use of ore is surpassed 
by that of oxygen because of the mobility of the 
oxygen and because of the saving of heat, which 
would otherwise be needed to melt the iron ore. 
We shall now see how these advantages have been 
used in iron and steelmaking practice. 


ComBuSsTION oF FuEeL GaASsEs 


In the Open Hearth furnace steel is made from 
varying proportions of hot iron straight from the 
blast furnace, cold pig iron, scrap, iron ore and 
limestone, and the proportion of these materials 
varies with their supply, their availability and 
the extent to which iron and steel making are 
integrated. Since Open Hearth steelmaking is a 
batch process, the furnace after fettling and 
receiving the colder charge is at a temperature 
lower than that required for the production of 
steel. The Open Hearth furnace is therefore 
heated by the combustion, in pre-heated air, of 
oil or one of the many fuel gases, such as producer 
gas, coke oven gas, blast furnace gas or a mixture 
of these fuels. It may take 3, 4 or 5 hours for the 
furnace to reach its normal operating temperature, 
which is limited by the nature of the refractories. 
Considerable attention has already been given to 
burner and furnace design to decrease this 
unavoidable delay in heating up the furnace. In 
an effort to decrease this delay even further it is 
of interest that the steelmaker has turned to 
oxygen enrichment of the combustion air. 

The heat from the flame is transferred to the 
melt by convection and radiation. Although it 
has been thought that the major heat transfer 
process is by radiation, particular attention is 
being given at present to convective heat trans- 
fer during the melting down period. Flame 
radiation is the sum total of non-luminous and 
luminous radiation. Non-luminous radiation is 
caused by emission in the infra-red region by 
triatomic molecules such as water vapour and 
carbon dioxide. Luminous radiation on the other 
hand is caused by the slow combustion of 


suspended carbon particles. The carbon particles 
come partly from the pyrolysis of hydrocarbons 
in the fuel gas and partly by carrying over from 
the fuel bed of the gas producing plant. 

The main effect of adding oxygen to a flame is 
a more rapid combustion which causes the flame 
temperature to increase and the flame to become 
shorter and fiercer. The temperature of an oil 
flame increases by about 35°C per 1°, increase in 
the oxygen content of the combustion air. As a 
result of the increased difference in temperature 
between the flame and the melt, arising from 
combustion air enrichment, there is an increase 
in the downward heat flow from the flame to 
the metal, which causes a shortening of the 
melting time. 

It is difficult to generalize about the results of 
combustion air enrichment ; the effects appear to 
be a function of the furnace design. With oil 
fired furnaces about 1,000 cu.ft. oxygen per ton 
of steel, introduced as a 8 or 4°%, enrichment of 
the combustion air during the first 2 or 3 hours, 
causes a 20°, reduction in charge to tap time 
and a 10%, reduction in the oil consumption. 
Typical results of the effects of flame enrichment 
[2] are shown in Fig. 1. It can be seen that 
as enrichment increases, output progressively 
increases and the fuel consumption per ton 
decreases. In this particular series of trials it is 
noticeable that beyond 6°, enrichment the value 
of oxygen enrichment begins to flatten out or 
even decrease as far as fuel consumption is con- 
cerned, There is as yet no ready explanation for 
the effect, but it may be that the increased oxygen 
content of the combustion air has so increased the 
rate of combustion of carbon particles that the 
luminous radiation from the flame has decreased. 
This effect could be somewhat similar to that 
experienced with excessive steam in oil flame 
atomisation, where the carbon particles are 
destroyed by a reaction H,O +C + H, +CO. 6% 
enrichment may be the stage at which a decrease 
in emissivity is of greater importance to radiation 
than the increase in flame temperature. 

Although large quantities of oxygen are being 
used for flame enrichment in the U.K., experi- 
mental research has only recently started on the 
measurement of change in flame temperature, 
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emissivity and radiation, while similar experi- 
mental work is planned on the experimental 
Open Hearth furnace at Ijmuiden. 

There are two ways of putting oxygen into the 
combustion air. At first sight the most suitable 
place would be into the combustion air before it 
enters the regenerators, so as to take advantage 
of the increase in sensible heat. This has not been 
found to be as efficient as might be expected, 
either owing to leaks in the regenerators or owing 
to dilution of the enriched air by air entering the 
furnace by the doors during the charging period. 
The better method is to introduce the oxygen into 
as close contact with the fuel flame as possible. In 
oil fired furnaces it is common practice to intro- 
duce the oxygen either as an annulus round the 
oil flame or by a separate pipe situated under- 
neath the oil burner. In either case it is usual to 
incorporate the oxygen pipe within the water- 
cooled housing of the oil burner, to prevent com- 
bustion of the pipe by which oxygen is introduced. 
In gas fired furnaces it is common practice to 
introduce the oxygen by water-cooled pipes in 
the 
subjected to the effects of preheated gas 


the gas port. Since water-cooled pipe is 
over 
lengths of about 10 ft. it is usual to protect the 
water-cooled pipes by heavy refractory coatings. 


A recent and most interesting development of 


flame enrichment has been its use in reheating 


furnaces, where it is necessary to retain solid 


metal at about 1300°C for a number of hours. 
While temperatures of this order can easily be 
attained by the complete combustion of air of 
towns gas, there were always losses of material 
by sealing or oxidation of the surface layers. It 
has been found that by the partial combustion 
of towns gas with oxygen not only is a sufficiently 
high temperature attained for reheating, but the 
furnace atmosphere prevents scaling. In one type 
of furnace [3] the metal to be reheated at such 
a temperature is preheated in a furnace where 
the partially burnt towns gas from the reheating 


furnace is completely burnt with air. 


OXIDATION IN THE Liquip PuHase 
The steelmaking processes which take place in 
the liquid phase are the elimination of unwanted 
metalloids such as silicon, phosphorus, sulphur 
and carbon, the oxidation of which is of prime 
importance. Carbon is the element which dis- 
tinguishes iron from steel and since it is the main 
element which affects the properties of steels, the 
control of its oxidation is the main problem in 
steelmaking. Although the main objective in 
the carbon-oxygen reaction is the oxidation and 


removal of carbon, the resultant agitation and 
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stirring which arises from the release of carbon 
monoxide are of vital importance in the promotion 
of chemical exchange between the metal and the 
slag, in the distribution of heat and the pro- 
duction of uniform compositions in the melt. The 
importance of agitation can be best illustrated by 
noting that whereas an Open Hearth furnace 
produces steel at the rate of about 10 tons/hr. a 
Bessemer converter, where there is violent agita- 
tion, may produce steel at about 50 tons hr. The 
manner in which oxygen in transmitted to the 
metal is still uncertain although there is no doubt 
that much of the oxygen required for Open 
Hearth steelmaking comes from the furnace 


atmosphere, as well as from the ore added to 


the metal bath. Since the physical solubility of 


oxygen in the slag is probably too low to account 
for the observed rates of oxidation it seems that 
the oxygen is either transferred as iron oxide in 
the slag or comes from oxygen picked up by 
metal droplets ejected during the carbon boil. The 
transfer of oxygen to the metal is controlled by 
its concentration in the slag, the extent of the 
Fe,O, and by the 


physical resistance of the interface. 


chemical freedom of FeO 


The rate of carbon removal on the other hand 
is not a direct function of the carbon content. The 
metal bath loses carbon by carbon monoxide 
evolution and it is the release of carbon monoxide 
which is the bottleneck of the process. The oxygen 
lance has been particularly useful at this stage 
of the process, since not only is sufficient iron 
oxide produced in the metal and the slag to 
retain the maximum rate of oxidation, but the 
speed of oxidation has been increased by the 
mechanical action of the jet of oxygen sweeping 
away carbon monoxide from the melt. The 
oxygen lance for metalloid removal has been used 
in all types of steelmaking and these applications 
are described below. 


Evecrric FURNACES 
Electric are furnaces are used for the manufacture 
of high grade steel and special alloys which are 
diflicult or impossible to make in other ways. It 
is now rare to find an electric steel furnace not 
using oxygen in the U.K. It has been found that 
oxygen may be used to shorten the melting 


down period. This is of particular interest from 
the economic point of view since the melting 
down period involves by far the heaviest power 
costs. The oxygen is introduced by a lance 
which is a consumable steel tube of 4 in. to 1 in. 
internal diameter, capable of passing up to 
500 cu. ft.O, min. The end of the tube is thrust 
just below the slag metal interface. The life of 
the lance depends largely on the extent to which 
the open end is cooled by adiabatic expansion 
as well as protected by refractory coatings such 
as slags or ceramic sleeves. Lance consumption 
is of the order of } to 1 ft./min. with refractory 
coverings and may be as high as 5 ft./min. for 
bare lances in alloy steel melts at temperatures 
of over 1800°C, The oxygen lance is most 
frequently used in refining [4]. A typical blow in 
progress is shown in Fig. 2. Here you can see 
oxygen being introduced into a 10-ton electric 
furnace at about 350 cu. ft./min. It will be 
noticed that the electrodes are withdrawn to 
prevent their combustion during oxygen lancing. 
Since the main interest in the refining period is 
carbon reduction, it is now more or less standard 
practice to record the results of refining as a 
curve showing the specific oxygen consumption 
against the carbon content. The specific oxygen 
consumption is the cu, ft. of oxygen at 20°C and 
760 mm Hg needed to remove 1 point of carbon 
as carbon monoxide per ton of steel. The steel- 
maker's unit of 1 point 0-01°,. The theoretical 
3-6, Si = 3-08, P = 3-48, S 

0-79 cu. ft.O, per point per ton. 


figures are: C 
2-7, Mn 
Fig. 3 shows a typical curve of specific oxygen 
consumption versus carbon content, where it can 
be seen that as the carbon content decreases, the 
specific oxygen consumption increases. The 
reason for this is still uncertain. It is thought 
that the action of the oxygen is the production 
in the metal of iron oxide which subsequently 
reacts with the carbon. At lower carbon contents 
much more oxygen has to be consumed to keep 
the slag in a sufficiently oxidised condition to 
correspond in concentration with the low carbon 
content of the metal. Alternatively it may be 
that the rate of refining at low carbon contents 
cannot keep pace with the steady rate of oxygen 
input throughout the blow and oxygen is wasted 
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Fig. 3. Relationship between specific oxygen consumption and carbon content in high alloy content melts. 


in the slag. It is almost impossible to reduce 
the oxygen rate during a blow as if there is any 
reduction at all not only does the carbon oxygen 
reaction appear to cease and the bath become 
“ dead,”’ but lance consumption increases to such 
an extent as to become impracticable. It has been 
found that the rate of oxygen input is an import- 
ant factor in the progress of a blow; in fact low 
efficiencies are obtained if the gas supply is 
interrupted in any way. 

The refining of nickel chrome alloy steels has 
rapidly become the main use of oxygen in the 
electric furnace [5]. Although carbon oxidation 
by ore is an exothermic process, the overall heat 
balance is endothermic owing to the necessity of 
supplying heat to melt the ore. This was always a 
difficulty in such alloy steels as 18/8 since, at a 
relatively low temperature, an appreciable part 
of the chromium, about 15 to 20°, was oxidized 
and lost to the slag. When oxygen is used 
however the refining temperature is raised and 
since, at the high temperatures achieved with 
oxygen, chromium has less affinity for oxygen 
than carbon, carbon reduction can proceed with 
chromium losses of not more than 4°,. 
of oxygen has therefore solved the problem of 


The use 


disposal of stainless scrap and permits the use 
of higher carbon ferrochrome. 


Oren Heartu Furnaces 
The oxidation processes taking place in the open 
hearth furnace are the same as those in the 
electric furnace. As far as the use of oxygen is 
concerned the only main difference is the need 
to remove much larger quantities of metalloids 
and the fact that the atmosphere in the open 
hearth furnace is more oxidizing. In cold metal 
acid open hearth furnaces the oxygen lance has 
been of particular use in assisted melting and in 
bringing the bath on to the boil, i.e. the initiation 
and promotion of carbon oxidation. As in electric 
furnaces, assisted melting requires about 100 to 
150 cu. ft. O, ton, with the specific oxygen con- 
sumption somewhat less, owing to the pick up of 
oxygen from the more oxidizing atmosphere in 
the open hearth furnace. The use of oxygen is 
of particular interest in the manufacture of low 
carbon steel sheets for deep drawing or tin plate 
qualities. In this case it is usual to introduce the 
oxygen when the carbon content of the furnace 
is about 0-15°,. By injecting oxygen through 
water-cooled jets, carbon reduction in the final 
stages, which may take 1} to 2 hours without 
oxygen, is achieved in about } hour. In addition, 
a considerable amount of fuel is saved as the speed 
of the oxidation reactions is such that it main- 
tains the necessary bath temperatures of its own 
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accord. Another advantage of the use of oxygen 
is that there the hearth and 
refractories due to reduction in the length of the 
high temperature the fuel 
sumption. This is important as it brings about a 


is less wear on 


period and con- 
saving in fettling time. 

While carbon reduction in 
takes about 10 mins., and it is fairly 
introduce the through a consumable 
lance, open hearth furnaces may 
for 4 or 1 hour. To overcome 
difficulties associated with the lance, the oxygen 
is now generally injected by a high speed water- 
cooled jet directed onto the surface of the slag 
from a few inches above the slag. The high speed 
jet parts the slag and allows the oxygen gas to 
come in contact with the molten steel underneath. 


electric furnaces 
to 
oxygen 
require oxygen 
the mechanical 


BEsSSEMER CONVERTERS 
Although Henry Bessemer patented the use of 
“oxygen, steam or other oxidizing gases or mixtures 
thereof ” in 1856, it was not until after the 1939-45 
war, when cheap tonnage oxygen became available 
and when there was a large demand for steel for 
reconstruction purposes, that the application of 
oxygen was taken up to any extent on the 
continent. By replacing some of the oxygen in 
the air with O, in a converter, less heat is taken 
out in the nitrogen ballast and this is available 
for scrap melting. With air blast only 5%, of 
scrap can be melted; on the other hand 11, 14 
und 16%, scrap can be melted with blast containing 
26, 29 and 32°, oxygen, respectively. Owing to 
the increased speed of oxidation hotter metal is 
obtained at the end of the steelmaking cycle. The 
disadvantage of hotter metal is an increase in 
the final which 
undesirable increase in brittleness. 
this, various means of cooling the melts were 
used, such as addition of further scrap, iron ore 
Iron ore used in this way has 


causes an 
To obviate 


nitrogen content 


and limestone. 
the advantage that it reduces the oxygen con- 
sumption. Limestone so used cools the melt by 
its decomposition to carbon dioxide. This carbon 
dioxide reduces the partial pressure of the 
nitrogen in the melt and thereby causes a decrease 
in the nitrogen content of the steel. 

At the same time as this demand for increased 


production by use of oxygen, considerable effort 
has been made to produce a Bessemer steel of 
comparable quality to open hearth steel, so far 
as the nitrogen content is concerned. To do this, 
steelmakers resorted to the ideas put forward in 
Bessemer’s patent of using mixed blasts. O, 
steam and carbon dioxide, all oxidizing gases, do 
not introduce nitrogen into the melt, and a heat 
balance can be obtained with oxygen-steam or 
oxygen-carbon dioxide mixtures similar to that 
obtained by oxygen-nitrogen mixture or air. It 
has been found [6] that blasts containing 50% O,, 
50°, CO, by volume give nitrogen contents of 
the final steel of about the same order as in open 
hearth steel. The ratio of oxygen to carbon dioxide 
is increased if more scrap is to be melted. N, 
contents of a similar order have been obtained 
with oxygen and steam superheated to 200 to 
300°C in the proportion of 50 to 50 by weight [7]. 

More recently blowing from the top instead of 
the bottom of a converter with nearly pure oxygen 
and ore additions has been employed as a means of 
obtaining, without excessive capital outlay, a 
Bess. mer steel of open hearth quality [8]. The 
advantage of blowing from the top is that since 
all the heat developed by oxidation of iron or 
metalloids is at the top of the melt, and not 
almost uniformly dispersed as in the bottom 
blown Bessemer converter, the lime added for 
slag-making is rapidly taken into solution as a 
complex compound with FeO and dephosphoriza- 
tion occurs early in the cycle. The difference in 
reactions between a bottom blown Bessemer and 
top blown converter is shown in Figs. 4 and 5. It 
‘an be seen in top blowing, which was developed 
at Linz, Austria, that most of the phosphorus is 
removed while some carbon is still present. This 
residual carbon, by its further oxidation purges 
out the remaining nitrogen. In the bottom blown 
Bessemer, on the other hand, Fig. 4 shows that 
the phosphorus is removed in quantity after all 
the carbon The melt is 
increasing in temperature during dephosphoriza- 
tion, therefore nitrogen is being picked up during 
this period in ever increasing proportion. The 
process of top blowing is rapidly expanding since 
it gives a steel comparable in quality to open 
hearth steel. For this process about 2000 cu. ft. 


has been oxidized. 
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Fig. 4. Order of metallised removal in normal air-blown Bessemer converter. 


of oxygen ton of steel are required of a purity 
of not less than 98-5°, in order that the N, 
content of the steel will be comparable to open 
hearth quality. Since sulphur is difficult to 
remove under oxidizing conditions the process 
is restricted to the use of not more than 0-08°, 
sulphur in the raw materials, to get a final steel 
composition of about 0-02°,. Numerous trials 
are at present in progress to improve the sulphur 
removal, and to explore the future use of this 
process as a pretreatment for phosphorus content 


iron prior to its use in the open hearth process. 
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OR Stipe ConveRTERS 
In the production of foundry steel in tropenas 
converters an extra margin of heat is of great 
value in the foundry. The use of oxygen in the 
blast has enabled molten steel to be produced at 
a higher temperature, giving greater output and 
castings superior in quality. Silicon derived from 
pig iron or ferrosilicon is by its oxidation the fuel 
normally used for supplying the heat necessary 
to produce and maintain steelmaking tempera- 
tures. In 1947 [9] it was found that enrichment 
of the air blast to about 30%, O, reduces the 
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Fig. 5. Order of metalloid removal in converter blown with oxygen from the top. 
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normal blowing time from 20 to about 12 minutes, 
reduces the need to add silicon and provides 
hotter metal. 
sections, reduces the skulling in the ladle and 


This allows the casting of thinner 


reduces the number of rejects due to surface 
defects. 


DESILICONIZATION IN THE LADLE 
Owing to the scarcity of scrap, open hearth 
furnaces have been forced to use ever increasing 
proportions of hot metal from the blast furnace. 
Owing to this increased metalloid content of the 
charge, increased limestone has been added to 
the slag to bind the oxidized silicon and keep the 
slag workable. The excessive slag formed reduces 
production by increasing the resistance to heat 
transfer from flame to melt. At the same time 
blast furnaces have been run colder to conserve 
metallurgical coke. This in itself reduces the 
of the 
steelmakers have thus been faced with colder iron 


silicon content iron. The open hearth 
or higher silicon contents or both and oxygen 
treatment, known as desiliconizing in the ladle, 
has been used in large quantities in the U.K. and 
elsewhere to remedy this trouble [10]. The oxygen 
is introduced by a lance or water-cooled jet, a 
matter of local preference. As a result of oxygen 
treatment the silicon is preferentially oxidized 
first and absorbed in a lime slag as calcium 
silicate. 
250 to 900 cu. ft. ton, depending on the extent 
the The 
normal practice is to aim at a final silicon content 
of about 0-4°%, with 50 to 100°C hotter metal in 
the ladle. The life of the ladles remains practically 
the same, and initial troubles have been success- 


Oxygen consumption is of the order of 


to which iron is to be desiliconized. 


fully combated with a more refractory cement. 
The reaction is very violent, subject to spitting 
and splashing as in the Bessemer converter, and 
in most installations the ladle has to be covered 
to allow oxygen to be introduced at an economical 
rate. found that 
slightly lower with jetting than with lancing. 


It has been iron losses are 
Following desiliconization, slagging off gives a 
low silicon content metal suitable for the open 
hearth furnace. To reduce oxygen consumption 
to make this process attractively competitive with 


active mixer practice, millscale may be added to 


Alter- 
natively iron oxide as converter dust can be 


the metal before or during the blowing. 


conveniently dispensed into the metal by the 
oxygen. 


CoMBUSTION OF SoLip FUELS 
Since suitable coal is available gas producers are 
used extensively in the U.K. to provide fuel gas, 
particularly for acid open hearth furnaces. Blast 
furnaces may be regarded as gas producers in 
which other reactions such as sintering, smelting, 
dehydrating, deacidifying and reducing take place 
at the same time. These reactions affect the heat 
the that 


constituents are separated from the charge or 


balance of furnace insofar gaseous 
exchanges take place between the gases and the 
burden as in the reduction of the solid oxides in 
the 


fundamental principle between the cupola and 


burden. There is a striking similarity in 


the blast furnace. The only essential difference 
between the two is in the excess of oxygen brought 
into the blast furnace by the iron ore, which has 
effect coke 


consumption and gas production. Oxygen is now 


of course an important both on 
being used to increase production in cupolas, to 
upgrade the calorific value of producer gas and 
to ease the difficulties associated with the manu- 
facture of ferromanganese in the blast furnace. 
Since the effects of oxygen may all be ascribed to 
the effect of oxygen on producer gas plants the 
subjects of the closely allied producers, cupolas 
and ferromanganese blast furnaces will be dealt 


with together. 


Propucer Gas FURNACES 


In the producer gas plant the coke is oxidized 
by a blast, saturated with water at about 57°C, 
to gas containing carbon monoxide and hydrogen. 
The effect of oxygen is not only to increase the 
C.V. of the gas by elimination of the nitrogen 
ballast, but by increasing the reaction temperature 
to increase the CO: CO, ratio. The calculated 
change in composition and increase in calorific 
value with oxygen enrichment of the blast and 
blast 
shown in Table 1 below. 
of the blast 


carbon monoxide and hydrogen contents. 


with constant saturation temperature is 
It can be seen that as 
the 


It is 


enrichment increases so does 
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Table 1. 
Results of oxygen enrichment with constant blast saturation temperature of 57-5°C 


Oxygen content of the blast, % 
Reaction temperature 


Increase in reaction temperature over that with air blast 
co 
CO, 
Product gas composition, °, H, 
H,O 
CH, 
Ng 


Heating value of B.Th.U./cu. ft. producer gas 


21 23 25 27 

718 734 755 783 
16 37 65° 
29-06 32-24 35-83 39-63 
5-36 4°85 3-87 2-78 
12-21 12-16 12-15 12-13 
1-58 1-34 1-07 O-77 
Oot 0-03 0-03 0-02 
51-75 49-48 47-05 44-67 
125-92 135-82 148-12 159-17 


entirely possible to operate standard types of 
rotating gas producers with oxygen and to keep 
the temperatures within safe limits by adjusting 
the steam content of the blast. 

The heating value is mainly influenced by the 
oxygen content, far less than by the steam content 
which is shown in Table 2 where the increase in 
blast saturation temperature to retain a constant 
reaction temperature in the fuel bed is shown. 

The steam content is an important economic 
factor as it replaces some of the expensive 
oxygen. Apart from this, its main function is 
to reduce the fuel bed temperature. The maximum 
percentage of oxygen in the blast has to be 
considered in relation to the fusability of the ash, 


since clearly the limit enforced by clinkering 
depends on this. Early work on brown coal 
indicated that it was impossible to use more than 
22°, oxygen but the low ash fusion temperature 
of brown coal may well have accounted for this 
conclusion, Recent work on oxygen enrichment 
in the producer gas plant has established the 
fact that it can be successful, probably due to 
the higher ash fusion temperature of producer 
gas coals. In practice enrichments of about 
23-5°,, oxygen have been used, equivalent to 
350 cu. ft. per ton of steel, have given increases 
in output of about 18%. It seems that this 
application could only become attractive if future 
research discloses a cheap low grade fuel, capable 


Table 2. 


Results of oxygen enrichment with constant reaction temperature 


Oxygen content of the blast, %, 


Reaction temperature 


Blast saturation temperature 


Producer gas composition, H,O 


Heating value of B.Th.U./cu.ft. producer gas 


21 23 25 27 
718 718 718 718 
57-5 60-3 62-6 
29-06 30-54 31-85 33-04 

5-92 6-45 6-94 

2-21 13-58 14°82 15-97 

1-58 1-84 2-09 2-34 

0-04 0-05 0-06 0-07 
51-75 48-07 44-73 41-64 
125-92 132-56 142-06 149-05 
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of burning as fast and as smoothly with oxygen as 
present producer gas coals do with air. Research 
along these lines is proceeding in the U.K. 


Biast FURNACES 


Since the demand for blast furnace iron is steadily 
increasing and the reserves of good quality coking 
are steadily 
attention has been given to the use of oxygen in 
the shaft blast the 
strength in the fuel as measured by the resistance 


coals decreasing, considerable 


low furnace where same 
to crushing is not required, The effect of oxygen 
is to cause a decrease in coke consumption, owing 
to the elimination of the nitrogen ballast, a 
higher partial pressure of carbon monoxide in 
the ascending gases and a higher reaction tem- 
perature in the hearth. The fuel consumption 
per ton of iron decreases steadily as the oxygen 
content increases to 30°,, but beyond this limit 
the specific coke consumption begins to increase 
again, owing to an increase in the heating value 
of the blast furnace gas. Since the temperature 
gradient in the blast furnace becomes steeper 
with oxygen enrichment the top exit gas tem- 
perature decreases and the height of the blast 
Witha shorter shaft softer 


coke and softer ore can be used and the reduced 


furnace can be reduced. 


volume of ascending gases permits the use of a 
more compact burden. It is thus obvious that 
the real advantage of the low shaft furnace is to 
adapt the operating procedure to the raw material 
available, as distinct from adapting the existing 
The main 
the 
high 


raw materials to an existing process. 
use of the low shaft furnace has been in 
manufacture of ferromanganese where 
reaction temperatures are required for the reduc- 
tion of ore [11]. By using an enrichment of 30°%,, 
the coke consumption was reduced by 22°, and 
output of ferromanganese increased by 25°. The 
amount of slag formed per ton of iron produced 
was reduced by over 20%, and the calorific value 
Dust 
losses have a considerable bearing on the econo- 


of the outlet gas was increased by 35%. 


mics of ferromanganese production, but when 


using oxygen the losses were no greater. The 


composition of the ferromanganese could be 


controlled as easily with the enriched oxygen as 
with ordinary air. Recently, it has been suggested 


that a blast consisting of about 30%, CO,, 67% 
O, and 3% N, together with anthracite as fuel 
should be used as a means of reducing the con- 
sumption of metallurgical coke. Such a blast 
would result in a high carbon monoxide partial 
pressure in the furnace stack [12]. 


CUPOLAS 


As far as the cupola melting furnace is concerned, 
oxygen enrichment is commonly used to increase 
production or smooth out hold-ups due to in- 
different solid fuel. With enrichment of about 
5°, melting rates can be increased by up to 20% 
It is 
thought however that the application of oxygen 


without decreasing the coke consumption. 


will not be universal in cupolas, unless research 
on producer gas fuels indicates a cheaper source 
of solid fuel. With the present fuels addition of 
hot blast recuperation is an equally attractive 
method of achieving increased production, 
although the capital outlay for recuperation may 
the hot blast 


cupola oxygen can be used at the beginning of 


be relatively high. Even with 
the day, or possibly after the midday break, to 
bring the cupola back into full production since 
oxygen works more rapidly than a hot blast 
recuperator. Oxygen should be of particular 
advantage in utilizing more compact fuels, which 


could cause difficulties if used in hot blast cupolas. 


CONCLUSION 
In conclusion, the use of oxygen in post-war 
steelmaking may be summarized as follows : its 
value has been to increase production in the 
post-war period with the minimum of extra 
vapital outlay. At the same time improvements 
in the quality of steel resulting from oxygen 
treatment has made the use of oxygen most 
attractive to steelmakers. 
the present time, the main factor influencing the 
type of plant built and the process used is ulti- 


In the future, as at 


mately one of economics. It is necessary to 
point out here that the conventional type of 
‘alculation based on productivity and capital 
costs can be misleading. 
installed, because of its adaptability enables the 


steelmaker to overcome inevitable variations in 


Oxygen plant once 
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raw materials because of the different uses to 
which oxygen can be put. 

Open Hearth furnaces have been installed in 
all the new melting shops in the U.K. since the 
war. The decision to use the open hearth process 
in preference to Bessemer converters was taken 
for two reasons: first, the low price of scrap 
compared with pig iron favours the economics 
of the open hearth process ; second, the progress 
of experiments immediately after the war was 
not sufficiently advanced to indicate that steel 
of open hearth quality could be made in the 
Bessemer converter. Since then the availability 
of scrap has decreased and developments in the 
Bessemer process using ore and oxygen have 
indicated that steel of open hearth quality can be 
made successfully. At the same time the phos- 
phorus content of available ores is steadily 
increasing, and since the Bessemer process is 
particularly suitable for dealing with high 
phosphorus content ores, it is not unlikely that 
there will be an increased use of the Bessemer 
process in the U.K. For the new open hearth 
installations it is expected that oxygen will be 
used in iron pretreatment as a means of partial 
dephosphorization, 

As far as iron making is concerned, although 
the reserves of suitable coals for the manufacture 
of metallurgical coke are dwindling, metallurgical 
coke is still in good supply and recent develop- 
ments have improved the resistance to crushing 
of coke. It is probable, however, that oxygen will 
be used for the production of ferromanganese and 
possibly for that of iron as well in low shaft blast 
furnaces, as a means of utilizing cheaper and softer 


fuels. 


From the growing demand for oxygen in steel- 
works it may be concluded that when the complex 
integrated iron and steelworks of the future are 
designed, oxygen will be used in one or more of 
the many ways in which it can assist the oxidation 
process, 

The author wishes to acknowledge his indebted- 
ness to the Directors of The British Oxygen Co. 
Ltd., for their permission to publish this paper. 
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DISCUSSION 


H. W. J. Wijdeveld: (Kon. Ned. Hoogovens en Staalfabr., 
IJ muiden) 
What type of reheating process is mentioned on page 116 
of the paper 


The Author : 

Mr. Wuspevetp asked what types of steels could be 
treated in the scale reheating furnace and what was 
the design of the furnace. 

All types of steel can be treated but it is thought that 
it would be particularly suitable for high alloy steels. 
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Though the rate of oxidation is less than mild steel, the 
cost of the steel is higher and the oxide is not only more 
destructive on dies and tools but is much more difficult 
to remove by pickling and cleaning operations. The pro- 
cess can be used in continuous pusher, conveyor and 
rotating hearth furnaces. In the continuous type, the 
chamber is divided into two zones, the final heating zone 
being fired by the first stage combustion with oxygen and 
the products from this first stage combustion are burnt 
with air in an inlet zone serving to preheat the stock to 
about 650°C, 
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Dr. Ir. W. van Loon : (Centr. Lab. Staatsmijnen, Geleen) 


On page 115 of this paper the author states that in blast 
furnace practice the oxygen content of the blast has not 
exceeded 30°, because a further increase causes the 
specific coke consumption to rise again. 

Blast furnace people do not like high coke consumptions 
as they are not interested in the production of valuable 
gases. It seems preferable, however, to combine the pro- 
duction of pig iron with the production of valuable gases 
by using an oxygen-steam blast. The Netherlands State 
Mines are studying on a pilot plant scale the combined 
production of oxygen on the one hand and pig iron, 
ferrosilicon and calcium carbide on the other. 


The Author : 


It is doubtful whether oxygen /steam blasts would be 
of interest to the majority of steelmakers, since it was 
rare to find chemical works close to steelworks. For 
isolated blast furnaces, a blast containing oxygen carbon 
dioxide could be attractive as a means of reducing fuel 
consumption, particularly if little or no use could be 
made of the excess blast furnace gas. 
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With such blasts, the high carbon monoxide content of 
the waste gases could be burnt with air or oxygen in the 
combustion chamber of a gas turbine, the power developed 
being used for driving an oxygen plant. From the com- 
bustion gases carbon dioxide could be extracted and 
returned to the blast furnace with oxygen. 


S.A. Gregory : (Scunthorpe, Lincs.) 

Mr. Grecory asks whether the author has any new 
ideas on sulphur removal using oxygen and what suggestions 
are made regarding the dissipation of the fumes arising 
from oxygen use in open hearth and Bessemer processes. 


The Author : 

In theory it should be impossible to remove sulphur 
from melts with oxygen, since the sulphur removing 
action is CaO + FeS = CaS + FeO and the use of oxygen 
increases the FeO content of the melt. Some sulphur 
reduction appears to occur in high silicon content melts 
and during desiliconizing there is the distinct sharp smell 
of sulphur dioxide in the fumes, possibly due to the 
oxidation of sulphur in the slag. At present about 0-02°, 
sulphur can be removed in desiliconizing but whether this 
is caused by oxidation or by the more intimate mixing of 
slag and metal arising from the use of the oxygen lance is 
not yet known, 


With regard to the fumes from oxygen treatment, 
typical figures from tests on desiliconizing in the ladle 
are as follows : 

The fumes consist of particles of 0-05 to 0-5 u agglomer- 
ated to masses of up to 50 4. These are essentially iron 
oxide with about 0-5°, SiOe; 025°, MnO; 0-5°% CaO; 
2°, P2O5. The density of the fume is 40-80 gm /m?*, con- 
tained in approximately 25,000 ft.2/ton metal /hour. The 
density and volume depend on the quantity of air entrained 
by the rising column of hot fume. Water spray towers 
have not been very successful for fume removal but 
95°, removal has been achieved by admitting steam to 
the fume during its passage through a venturi and 
collecting the dust in a cyclone. 


Ir. D. G. Nijman: (Mekog, I1Jmuiden) 

I should like to ask a few questions on oxygen-enriched 
combustion air, viz.: Will the temperature in the oil flame 
not be too high with regard to the furnace-roof ? 

Is it not to be feared that the important emissivity of 
the oil flame will be diminished by the use of oxygen- 
enriched air ? 

Should not, for these two reasons, the use of oxygen be 
directed towards gas-heated furnaces rather than towards 
oil-heated ones ? 

Possibly the use of oxygen is more economic according 
as the fuel-gas to be used is leaner. 


The Author : 

Steel making in the open hearth furnace is a batch- 
making process and, after the furnace has been fettled 
and charged, the roof temperature is less than the maximum 
permissible temperature. Oxygen may be used during the 
first part of the cycle until the roof rises to the maximum 
permissible temperature. Damage to the refractories 
occurs if this temperature is exceeded, so when this 
temperature is reached oxygen is not used. Even with 
oil flames it is possible to enrich the combustion air by 
3°, for 2 or 3 hours before the maximum permissible roof 
temperature is reached. 

Theoretically, the effect of any particular increase in 
flame temperature on heat transfer by radiation and 
convection will be greatest in those furnaces employing 
fuels with the lowest flame temperatures and operating 
with metal at the highest possible temperature. One could 
expect that oxygen would be of more value in producer 
gas fired hot metal furnaces than in oil fired cold scrap 
charged furnaces. On the other hand, oxygen is usually 
admitted into the centre of the flame, since better results 
are achieved by this method, and the carbon particles in 
the centre of the flame, whether it is oil or a gaseous fuel, 
will be more rapidly consumed. It would seem then that 
a flame which produces its carbon particles at the outside 
cooler portions would be of more value when oxygen is 
used. The tendency to form smoke in the cooler portions 
of the flame increases with the molecular weight, the degree 
of unsaturation and the extent of branch chains within 
the molecule. It is probably for this reason that oxygen 
is of more value in coke oven gas fired furnaces than in 
mixed coke oven gas blast furnace gas fired furnaces, 
although flame temperature considerations would indicate 
the opposite «ffect. Research work on radiation has not 
yet advanced sufficiently to determine whether oxygen 
should be used in oil heated or in gas heated furnaces. 
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: The provision of oxygen for industrial processes 


A. M. Criark, B.Sc., B.A. 


The British Oxygen Company Ltd., Morden Factory Estate, Lon ‘on. 


Summary—The demand for oxygen for industrial processes which has been steadily growing 
since the liquefaction method of air separation was introduced fifty years ago has, until recently, 
been met by extension of the “ classical process * and especially by the production of liquid 
oxygen on a large scale. The use of liquid oxygen is particularly convenient when the demand 
is highly irregular and intermittent, as, for instance, in steel-works practice, but there is an 
increasing demand for oxygen in chemical and metallurgical processes which operate continuously 
and steadily, and which require oxygen of only moderate purity. When the demand for such 
purposes is large oxygen is best produced in gaseous form in plants operating at low pressure, 
and the term “ Tonnage Oxygen ™ has been applied to plants of this type, which supply oxygen 
in quantities sometimes of several hundred tons a day. The principles of low temperature air 
separation are discussed from the point of view of thermodynamic efficiency and the developments 
which have made possible the low-pressure processes of ** Tonnage Oxygen’ production are 
outlined. 


A brief survey is made of the uses of oxygen in metallurgical, gasification, and chemical 
processes. Oxygen is used in many different ways in the conversion of raw iron to finished 
steel, and a number of new steel-making processes have been developed which depend on a 
“ Tonnage Oxygen supply. Many processes based on solid liquid or gaseous fuels make use 
of oxygen in the preparation of synthesis gas for the manufacture of ammonia, petrol, and organic 
chemical products. Oxygen is also used in the complete gasification of coal to produce a fuel gas 
of high calorific value. In a number of applications the use of oxygen confers the advantage 
that it enables low-grade raw materials to be processed economically, and an increasing demand 
for these purposes is predicted. 


“a Résumé—La demande d’oxygéne pour les procédés industriels, qui a augmenté continuellement 


depuis introduction de la méthode de séparation de l'air par liquéfaction, a jusqu ici été satisfaite 


par extension du “ procédé classique,” et plus particuli¢rement par la production d’oxygéne 
liquide sur une grande échelle. L’emploi de loxygéne liquide convient particuli¢rement lorsque 
la demande est extrémement irréguli¢re et intermittente, comme c'est le cas par exemple, dans la 
pratique des aciéries. Cependant il y a une demande toujours croissante d’oxygéne pour les 
hea procédés chimiques et métallurgiques qui opérent continuellement et réguli¢rement, et qui 
% n‘utilisent que de loxygéne de pureté moyenne. Dans des cas de forte demande pour de telles 
applications, la meilleure méthode consiste a produire de loxygéne gazeux dans des installations 
opérant @ basse pres ion. De telles installations produisent de loxygéne en quantités de plusieurs 


centaines de tonnes par jour, qu'on nomme parfois * Tonnage Oxygen.”’ On discute les principes 
de la séparation d’air & basse température du point de vue eflicacité thermodynamique et donne 
un exposé des développements qui ont permis les procédés a pression basse pour la préparation 


du “ Tonnage Oxygen.” 

On donne un bref résumé de lapplication de loxygéne dans les procédés métallurgiques, 
chimiques et dans la gazéification. L’oxygéne trouve de multiples applications dans la conversion 
du fer brut en acier fini, et un certain nombre de nouveaux procédés sidérurgiques ont été dével- 
oppés dont l'opération dépend de lapprovisionnement en “* Tonnage Oxygen.” 

Beaucoup de procédés employant des combustibles solides, liquides, ou gazeux utilisent 
loxygéne dans la préparation de gaz synthétique pour la fabrication d’ammoniaque, d'essence 
et de produits organo-chimiques. 

L’oxygéne s‘emploie aussi dans la gaz¢ification complete de charbon pour produire un gaz 
combustible de haute valeur calorifique. Dans un certain nombre d’applications l'emploi de 
loxygéne présente l'avantage qu'il permet d'utiliser d'une fagon économiquement justifiée des 
matériaux de base de qualité inférieure, et on prévoit une demande croissante pour de telles 
applications. 
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Zusammenfassung— Seit der Einfiihrung der Verfliissigungsmethode zur Lufttrennung vor 
fiinfzig Jahren hat die Nachfrage nach Sauerstoff fiir industrielle Verfahren standig zugenommen. 
Bis vor kurzem war es méglich dem Bedarf zu geniigen durch Ausweitung des “ klassischen 
Verfahrens * und besonders durch die Erzeugung von fliissigem Sauerstoff im Grossbetrieb. 


Die Verwendung von fliissigem Sauerstoff ist besonders zweckdienlich wenn der Bedarf sehr 
unregelmiassig ist und hiufig wechselt, wie z.B. in der Stahlindustrie, aber die Nachfrage nach 
Sauerstoff zur Verwendung in chemischen und metallurgischen Verfahren, die im gleichmassigen 
Dauerbetrieb arbeiten und nur missige Reinheit des Sauerstoffs verlangen, nimmt zu. Bei 
grossem Bedarf zu solchen Zwecken wird der Sauerstoff am besten als Gas erzeugt. Man ver- 
wendet dazu Niederdruckanlagen, die bisweilen tiglich einige hundert Tonnen Sauerstoffgas 
produzieren ; daher der Name “ tonnage oxygen.” Die Grundlagen der Lufttrennung bei 
niedriger Temperatur werden vom Gesichtspunkt des thermodynamischen Wirkungsgrades 
besprochen und die Entwicklungen, die die Niederdruckverfahren zur Erzeugung von “ tonnage 
oxygen " erméglicht haben, werden beschrieben. 

Die Verwendung von Sauerstoff in metallurgischen, chemischen und Vergasungsverfahren 
wird kurz beschrieben. Es gibt mannigfaltige Anwendungen von Sauerstoff hei der Umwandlung 
von Roheisen in das Fertigprodukt und eine Anzahl neue Stahlerzeugungsverfahren wurde 
entwickelt, die von der Zufubr von “* tonnage oxygen " abhingig sind. Viele auf die Verwendung 
von festem, fliissigem oder gasfO6rmigem Brennstoff beruhenden Verfahren benutzen Sauerstoff 
bei der Bereitung von synthetischem Gas fiir die Erzeugung von Ammoniak, Benzin und organisch- 
Auch wird Sauerstoff verwendet bei der vollstindigen Vergasung von 
Bei einigen Anwendungen hat 
Ein 


chemischen Produkten. 
Steinkohlen zur Erzeugung eines heizkriftigen Brenngases. 
Sauerstoff den Vorteil, dass geringwertige Rohstoffe oekonomisch bearbeitet werden kénnen. 
steigender Bedarf an Sauerstoff zu diesen Zwecken lisst sich vorhersagen. 


A survey of recent literature on the production materials. This is perhaps because gases are 


and use of oxygen might create the impression particularly adaptable to large-scale continuous 


that only in the last few years has oxygen become processes ; most gaseous reactions proceed rapidly 


a wholesale commodity in the chemical and 
metallurgical industries, and that this develop- 
ment is the result of radically new methods of 
production which differ so much in scale and 
from their that their 
product alone deserves the name of “ Tonnage 


economy predecessors 


Oxygen.” In fact, the use of oxygen has been 
steadily growing since the gas was first produced 
industrially by the Brin process nearly seventy 
years ago, and the method of its production has 
not changed fundamentally since the introduction 
by Linpe of the air-liquefaction process fifty 
years ago. The increasing demand for oxygen by 
the metallurgical industries has been met by 


expansion of the classical process, particularly 


in the production of liquid oxygen, so that in 


scale of manufacture, market value, and methods 
of distribution liquid oxygen is fully qualified for 
inclusion among the tonnage chemicals. During 
the 
industrial chemical processes has expanded very 
considerably, and this is particularly true of those 


manufactures which depend upon gaseous raw 


last thirty years, however, the scale of 


and uniformly, the flow of the reactants can be 
accurately measured and controlled, and the heat 
balance of the system is readily adjustable. Many 
of these processes include a stage of oxidation, 
but the oxygen for this purpose has usually been 
supplied in the form of air. In such cases the 
nitrogen which accompanies the oxygen is a use- 
less and inconvenient diluent. It slows down the 
reaction and increases the space required to 
perform it; it impairs the thermal economy of 
the process and impedes recovery of the reaction 
products. For example, in the manufacture of 
sulphuric acid by the roasting of sulphide ores 
and oxidation of the resulting sulphur dioxide, 
the basic reactions are : 

MS + 140, + MO + SO, 

SO, + 40, + SO, 


If air is used as the oxidizing agent, each volume 
of oxygen is accompanied by about four volumes 
of nitrogen and the final reaction mixture has the 
composition 


SO, + 40, + 8N, 
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It thus contains, at best, only 10-5°, of SO,, and 
on account of impurities in the ore and the 
necessity of maintaining an excess of oxygen in 
the reaction mixture the sulphur dioxide con- 
centration is usually below 7°,. If the nitrogen 
ballast were removed from the air used for 
roasting the ore it would enable lean ores to be 
smelted with greater economy, and to vield a gas 
richer in sulphur dioxide. Alternatively, the use 
of oxygen instead of air would enable gases weak 
in SO, to be used satisfactorily for sulphuric acid 
production. Although this example does not 
represent, as vet, one of the major uses of oxygen, 
it illustrates its possibilities as a raw material of 
the heavy chemical industry. In many other 
oxidation processes the economic advantages of 
reducing or eliminating the nitrogen ballast have 
already been fully established. An oxygen plant 
or more precisely, an air separation plant — on 
the appropriate scale, becomes an integral part 
of these manufacturing processes, and it is to units 
of this type that the term “* Tonnage Oxygen ” is 
rather loosely and inaptly applied. 

Oxygen thus fulfils two separate but over- 
lapping roles in heavy industry, first as a market 
commodity like fuel oil or sulphuric acid, to be 
used as occasion arises in other manufactures, and 
secondly as one of the intermediates in an inte- 
grated chemical process. The border-line between 
these roles is nebulous; as in the case of many 
other commodities it is not easy to decide when 
it is more profitable to make oxygen than to 
purchase it for a particular purpose, but the 
economic aspects of manufacture clearl, improve 
as the demand becomes large and regular. In 
the case of a gas, like oxygen, the difficulties of 
storage and transport have a considerable bearing 
on the issue. For convenience in transport and 
manipulation oxygen as a market commodity is 
supplied in the form of liquid for all major uses. 
It is more expensive to make liquid than gaseous 
oxygen as more refrigeration is needed to obtain 
the liquid product and this consumes much energy 
at the low temperature level of liquid oxygen. 
However, once the oxygen is liquefied it is easily 
stored and transported with only slight loss, it is 
readily evaporated at a controllable rate to meet 


a demand which may be highly variable and 


intermittent, and as liquid oxygen can be made to 
develop a high pressure in evaporating there is 
no need for subsequent compression. When 
oxygen is required at high pressure and at an 
irregular rate, therefore, it is more conveniently 
provided as liquid than as gas even when con- 
sumed in quite large quantities. Such conditions 
are met in many steelworks, some of which con- 
sume liquid oxygen at the rate of twenty to thirty 
tons a day. An air-separation plant is not usually 
highly flexible in output and is unsuited to inter- 
mittent operation. A self-contained gaseous 
oxygen plant is therefore used to the best advant- 
age in association with a continuous process which 
requires oxygen at a steady rate and low pressure. 
The scale on which installation of an oxygen plant 
for an industrial process becomes economical thus 
depends very much on the nature of the process 


and its operating conditions. 


Tue Manvuracture or OxyGEen 

In plants of the classical Linde and Claude 
designs oxygen was separated as a gas at low 
pressure, and was subsequently compressed into 
evlinders for distribution. As the demand 
increased it became more convenient to supply 
oxygen to the larger consumers in the form of 
liquid. When oxygen is compressed into cylinders 
it requires about twelve tons of metal to contain 
one ton of gas. Large quantities of liquid oxygen 
can be conveyed in light containers, and the extra 
cost of liquefaction is heavily outbalanced by the 
savings in cost of transport and manipulation. In 
Great Britain and the U.S.A. more than two 
thirds of the oxygen of commerce is supplied as 
liquid, and the total annual production in the 
U.S.A. is nearly a million tons. In 1952 the 
output of pure liquid and gaseous oxygen in the 
U.S.A. was about 50°, greater than the so-called 
Tonnage Oxygen” production. 

All commercial methods of separating oxygen 
from the air depend on the same fundamental 
principles, and in order to appreciate the signifi- 
cance of the developments in technique which 
underlie “ Tonnage Oxygen ” procesess, it is 
necessary first to consider the basic steps of all 
methods of oxygen production, 

To separate air into its components by 
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distillation it must first be liquefied. This can 
only be accomplished by refrigeration, which is 
effected by compressing a working fluid, removing 
heat from it at the ambient temperature, and 
subsequently expanding it in a manner which is 
as closely isentropic as possible. The most 
convenient working fluid in air separation is the 
air itself, and the means used for isentropic 
expansion is to pass the compressed air through 
an engine in which it is made to perform external 
work. Before the air is liquefied, however, it 
must be freed from impurities, particularly water 
vapour and carbon dioxide, which would other- 
wise condense as solids at the low temperatures 
prevailing in the separation unit and choke the 
apparatus. After separation, the components 
emerge from the rectification column either as 
liquids or as cold vapours and unless they are 
required in the liquid state it is necessary to make 
the fullest possible use of their available cooling 
effect in order to minimize the work of refrigera- 
tion. For this purpose they must be made to cool 
the ingoing air in highly eflicient heat exchangers. 
The importance of efficient heat exchange is 
apparent from a consideration of the theoretical 
ideal work necessary for separation and lique- 
faction. The separation of one cubic metre of 
gaseous oxygen from a corresponding amount of 
air by a thermodynamically reversible process 
requires theoretically about 0-07 KwH. of energy. 
The liquefaction of the same amount of oxygen 
similarly requires 0-23 KwH. The work of 
liquefaction is thus considerably greater than that 
of separation, and a well-designed process for 
making gaseous oxygen should therefore consume 
much less energy than one in which the oxygen 
is obtained as liquid. In fact, the thermodynamic 
efficiency of the liquefaction cycle has, in the 
classical process of air separation, been so much 
higher than that of the rectification cycle that the 
difference between the actual energy requirements 
of gaseous and liquid oxygen production has been 
far less than this comparison would suggest. All 
the energy consumed in the separation and lique- 
faction processes is used in compressing the air 
initially, and when the separation is substantially 
complete it follows that in the process which 
demands the most energy the air must be raised 


12) 


to the highest pressure. Thus, in a process for 
making liquid oxygen the air must be com- 
pressed initially to a pressure of 150 atmospheres 
or more, and in the classical cycle for making 
gaseous oxygen a pressure between fifteen and 
fifty atmospheres is necessary, according to scale 
and efliciency. At these high pressures purification 
of the air is not difficult, and efficient heat exchange 
can be effected in heat exchangers of conventional 
design. In the more recent processes of “* Ton- 
nage Oxygen ” manufacture the efliciency of the 
distillation cycle has been improved to such an 
extent that it is necessary to compress the air 
entering the process to a pressure of only five or 
six atmospheres. At such a low starting pressure 
the methods of purification, heat exchange, and 
isentropic expansion which are satisfactory at 
higher pressures become more difficult and less 
efllicient. In order to take full advantage of the 
improvements in the separation cycle, therefore, 
it has been necessary to modify these methods so 
as to make them capable of high efficiency at low 
pressure. Much has been written about the 
different processes of ** Tonnage Oxygen ” manu- 
facture, the advantages of their particular cycles, 
and the design of their components. It would be 
superfluous to consider them in detail, and it is 
therefore proposed only to discuss briefly the 
general features which they have in common, and 
to compare them with those of the classical 
methods of making liquid and gaseous oxygen. 
Summarizing the principles which have already 

been mentioned, every process of air separation 
includes the following operations : 

1. Air Compression 

2. Purification 

3. Heat Exchange 

4. Refrigeration 
5. Rectification 


COMPRESSION 
For the high pressures used in liquid oxygen 
production it is necessary to use reciprocating 
compressors. Tonnage oxygen plants require an 
initial pressure of only five or six atmospheres, 
and deal with very large quantities of air, pro- 
ducing from fifty to one thousand tons of oxygen 
a day from a single unit. In this case centrifugal 
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or axial flow compressors are the most suitable, 


and are generally used. 


PURIFICATION AND Heat Excnanat 


In the high pressure processes carbon dioxide Is 
removed from the air by scrubbing it with caustic 
soda, and water Vapour Is removed either by 
adsorption on activated alumina or silica gel, or 
by refrigeration. The heat-exchangers used for 
cooling the compressed air by means of the 
separated gases are of the tube and shell type, 
though usually of complicated pattern. These 
methods would be cumbersome and inetlicient at 
the low pressures used in tonnage oxvgen plants 
and instead the air is cooled and purified simul- 
tan ously in regenerators or reversing ex¢ hangers. 
The former were first used at low temperatures 
in the Linde-Frankl process, and the latter have 
more recently been developed in the U.S.A. In 
these devices the impurities from the air are 
condensed and temporarily stored so that they do 
not enter the separation unit, where they would 
cause obstructions, and they are re-evaporated 
into the returning gases. With this procedure it is 
difficult, if not impossible, to obtain pure oxygen, 
and the product of the tonnage oxvgen process 
is therefore of only medium purity. For many 
purposes, however, highly pure oxygen is un- 
necessary, and a purity of 95°, to 98 is accept- 
able. Most tonnage plants therefore produce 


oxvgen of this quality. 


REFRIGERATION 


The refrigeration requirements of a liquid oxygen 
process are provided by expanding part ol the 
compressed air in a reciprocating engine which 
performs work either by helping to drive the air 
compressor or by driving an electric generator. 
Engines of this sort are highly eflicient and give 
more than eighty per cent of the cooling effect 
theore tically obtainable by true isentropic 
expansion. When expanding from relatively low 
pressures, however, less work is obtainable from 
a given mass of gas; refrigeration losses would 
therefore be greater and efliciency would be much 
lower if reciprocating engines were used. The most 
efficient and compact machine for obtaining work 


from large quantities of gas at low pressure is the 


expansion turbine, and this device is used for 


refrigeration in all tonnage oxygen plants. 


RECTIFICATION 


For more than forty years the Linde double 
column has been used almost exclusively for 
rectification in plants making liquid or gaseous 
oxygen, but from the thermodynamic point of 
view it is not a highly eflicient device, as it pro- 
vides more reflux than is theoretically necessary 
to effect separation of the oxygen. In most of 
the eveles used in tonnage oxygen processes the 
balance is adjusted by admitting an additional 
supply of cold air to the upper section of the con- 
ventional double rectification column. Although 
this might appear to be a simple procedure, its 
embodiment in the separation cycle is by no 
means straightforward, and a number of intricate 
and ingenious arrangements have been devised 
for the purpose. In at least two processes, those 
of The British Oxygen Company and the Elliott 
Co. of the U.S.A., the double column has been 
abandoned in favour of a single column similar 
in design to the usual continuous distillation 
column but maintained in thermal balance by 
means of a heat-pump cycle. This arrangement 
is both flexible and etlicient. 

The methods of tonnage oxygen production are 
thus similar in principle to those of liquid oxygen 
manufacture, but the apparatus used is of different 
design, in order to take advantage of the lower 
operating pressure. A tonnage oxygen plant 
produces gaseous oxygen of medium purity at a 
low pressure, and it is particularly suited to meet 
the needs of a continuously-operating industrial 
process. Some of the uses of tonnage oxygen are 
discussed in detail in other papers before the 
Conference and this paper therefore contains only 


a brief summary of its many applications. 


Uses or OxyGen In INDUSTRY 


Metallurgical— The greatest use of pure liquid and 
gaseous oxygen is made in the steel industry. For 
cutting and welding steel it is essential to use 
oxygen of 99-5°,, purity, or better. Large quanti- 
ties are used for removal of the surface scale which 
forms on steel billets during the rolling process, 
and for other purposes in fabrication of the metal. 
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Wide use of oxygen, both of medium and high 
purity, is made in the various chemical reactions 
the 


smelting iron and transforming the product into 


which are encountered in 
steels of different quality. These applications are 
fully discussed in another paper before the Con- 
ference, and will therefore receive here only a 
brief mention. There has been much discussion 
of the economic prospects of using oxygen to 
enrich the air used in the blast furnace. and two 
experimental furnaces, are now in operation in 


Belgium and Germany respectively to explore its 


possibilities, Three tvpes of furnace are in 
common use for steel-making: these are the 
bessemer, open-hearth and electric furnaces. 


Although the tvpes of furnace used are few in 
number the technique of operation varies w idely 
the 
type of fuel available, the quality of steel re- 


according to the nature of the raw metal. 
quired, and other circumstances. Oxygen is used 
in various ways in different Bessemer processes. 
In one important new development, practised at 
two steel works in Austria, steel of particularly 
high quality is made by treatment of the raw 
metal with a blast of nearly pure oxygen. In this 
process two thousand cubic feet of oxygen is 
used to produce one ton of steel, and an oxygen 
plant of 60 tons day capacity is installed at each 
steelworks where it is practised. In the open- 
hearth furnace oxygen is used to raise the flame 
temperature and to asisst in removal of carbon 
the the 


furnace, which is generally reserved for special 


and silicon from metal, In electric 
steels, it effects a saving in electrical energy, and 
assists in removing carbon and the metalloids in 
preference to chromium. It is thus of particular 
value in making stainless steel. 

In the production of other metals the use of 
oxygen may enable lean ores to be profitably 
exploited, and an example of this application has 
already been mentioned. 

Gasification—The use of oxygen unaccompanied 
by nitrogen in gasification processes invests them 
with a flexibility which is of great advantage to 
other chemical processes with which they are 
associated, An illustration of this is provided by 


synthetic ammonia manufacture, which depends 


on the preparation of the appropriate blend of 
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operations of 
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nitrogen and hydrogen. In the process used on 


a very large scale in England the synthesis gas 


is prepared by mixing water gas and producer 
gas in suitable proportions, passing the mixture 
through a catalytic process to replace carbon 


monoxide by hydrogen, and subsequently 


removing carbon dioxide and residual carbon 


monoxide. 
effect. a 


would 


The water gas generators provide, in 
means of eliminating nitrogen which 
otherwise be in excess in relation to 
hvdrogen in the product. The water gas process 
this 


complicated and expensive in operation. 


intermittent and makes it 
If the 


air used in the process is separated into nitrogen 


IS, however. 


and oxygen initially, the oxygen can be used 
independently in the preparation of hydrogen by 
reaction with carbon and steam, or by other 
methods, and a suitable blend of nitrogen and 
hydrogen can be obtained by a simpler and more 
convenient route. An added advantage of this 
procedure is that it enables argon to be eliminated 
from the synthesis mixture whereas otherwise it 
accumulates in the circulating gas from which it 
must be purged. In an assembly of operations of 
this sort, however, the best choice of method can 
only be made by a careful economic study. The 
procedure of separating oxygen and nitrogen can 
be used to widen the process of ammonia synthesis 
in other ways. In the U.S.A. oxygen is becoming 
increasingly used in the preparation of hydrogen 
for ammonia synthesis both by means of coal and 
natural gas which is there abundantly available. 
Oxygen is also used in the preparation of synthesis 
gas for the Fischer-Tropsch process from the same 
materials, It was in fact for the purposes of this 
process, which yields petrol and chemical pro- 
that Linde-Frankl 


extensively used in Germany. 


ducts, plants were first 

In addition to its versatile application in the 
production of synthesis gases for chemical pro- 
cesses, tonnage oxygen is finding an important 
use in the production of fuel gas of high calorific 
value. In the Lurgi process low-grade coal is 
completely gasified by reaction with oxygen and 
steam under a pressure of twenty atmospheres, 
yielding a product of sufficiently high calorific 
value for use as town’s gas. With the growing 


shortage of good caking coal and the necessity to 
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balance gas and coke production, processes of this 
type may eventually become the largest con- 
sumers of tonnage oxygen. 
Other Chemical Processes—The manufacture of 
acetylene from hydrocarbons for purposes of 
chemical synthesis is a new and rapidly-developing 
technique. One of the methods of obtaining 
acetylene which is already in operation on a large 
scale is by the partial oxidation of natural gas or 
other hydrocarbons with oxygen. The product 
gas contains eight to nine per cent of acetylene, 
and the yield is said to be approximately 31°, of 
theory. 

Oxygen may be used instead of air for the 
By this 


method concentrated nitric acid may be obtained 


oxidation of ammonia to nitric acid. 


directly, without the necessity for distillation 
from sulphuric acid; the first medium purity 
oxygen plants erected in Great Britain were for 
this purpose. In a similar manner oxygen may 


be used for the oxidation of sulphur dioxide in 


the manufacture of sulphuric acid, and the 
possible advantages of this method have already 
been mentioned. 

There are many processes in which the use of 
oxygen instead of air offers technical advantages 
but the cost of providing oxygen has impeded its 
general application. Although air is still a strong 
competitor with oxygen on economic grounds the 
recent technical developments in tonnage and 
liquid oxygen production have made it available 
at a cheap enough rate for it to be used in a 
wide range of chemical and metallurgical pro- 
cesses. In many of these its chief value lies in 
the fact that it enables low-grade raw materials 
to be processed economically, and as natural 
resources of high quality minerals become 
depleted the use of oxygen is likely to increase 
progressively. 

Acknowledgment—The author is indebted to the 


Directors of The British Oxygen Company for 
permission to publish this paper. 


DISCUSSION 


W. van Monsjou : (Mekog, LJ muiden) 

I would like to be informed on the following points : 

1. In his section on Purification and Heat Exchange 
(paper, page 122), the author states that the air is cooled 
and purified simultaneously in regenerators or reversing 
heat exchangers. Which of these two methods is prefer- 
able ? 

2. Could the author provide a scheme of the single 
column, maintained in thermal balance by means of a 
heat-pump cycle, as mentioned on page 122, 2nd column ? 

What are the power requirements for a single column 
as compared to the double column ? 

3. Could the author give his opinion on the feasibility 
of liquid storage of oxygen for steel making and gasification 
purposes, the requirements amounting to about 75 t/day 
for each purpose ? 

4. What is the purity of the oxygen when used for 
gasification and for synthesis gas ? 


The Author : 

1. The use of regenerators and reversing exchangers 
is very largely a matter of choice and the use of reversing 
exchangers is almost entirely confined to American 
oractice. In general, regenerators are rather more efficient 
as heat exchangers and offer less restriction to the flow 
of gas. Reversing exchangers afford some difficulty in 
obtaining uniformity of gas distribution, but they have 
advantages in special cases where lightness of construction 
is Important. 


2. In every conventional distillation column the flow 
of vapour upwards and of liquid downwards is established 
by introducing heat at the bottom of the column and 
removing approximately the same amount of heat by 
means of a condenser at the top. The temperature at 
whicn the heat is removed, however, is lower than that 
at which it is introduced, but by means of a heat pump it 
is theoretically possible to restore the heat extracted to 
the higher temperature level and recirculate it through 
the system. 

This principle can be put into effect in an air separation 
column by withdrawing cold nitrogen vapour from the 
top, warming it by heat exchange to atmospheric tem- 
perature, compressing to a pressure of 5 or 6 atmospheres, 
removing the heat of compression at atmospheric tem- 
perature, recooling in the heat exchanger and condensing 
it in a reboiler at the base of the separation column, 
whereby it supplies the heat required at the higher tem- 
perature level. 

The condensed liquid nitrogen is then expanded through 
a valve and introduced as reflux liquid into the top of 
the column. It would of course be possible to achieve 
the same result by means of nitrogen or any other suitable 
fluid circulating in a closed system. In that case it would 
be necessary to re-evaporate the condensed liquid in a 
closed condenser at the top of the column at a temperature 
below that of the nitrogen vapour in the column. 

No simple comparison can be made between the power 
requirements of a single column with a heat pump and 
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those of a double column because of the many possible 
variations in design. The use of a heat pump cycle enables 
the reflux ratio of the column to be adjusted to any 
required value whereas the conventional double column 
is inflexible in this respect. It is thus possible to achieve 
a higher thermodynamic efliciency with the single column 
than with the double column and this has the effect of 
reducing the energy requirements of the cycle as a whole. 
In some tonnage oxygen plants of recent design, however, 
the arrangement of the double column has been modified 
to overcome its inflexibility, and consequently to improve 
its efliciency 

3. Liquid oxygen storage provides a convenient means 
of meeting a highly fluctuating demand for oxygen, such 
as occurs in many steelmaking operations. It requires 
considerably more energy, however, to produce liquid 
oxygen than oxygen gas and liquid oxygen is consequently 
more expensive. On the scale of 75 tons per day it would 
almost certainly be more economical to use 
oxygen and to meet the fluctuating load by providing 
means of storage for the compressed gas, although it might 
be useful in some cases to supplement this method by a 
supply of liquid oxygen. Most gasification processes work 
steadily and continuously and there is no doubt that in 
such cases a gaseous oxygen plant would be the most 
suitable means of supply. 

4. Most gasification processes do not require oxygen 
of particularly high purity and 95-98°, oxygen is suitable 


gaseous 


in such cases. Tonnage oxygen plants can however be 
designed to make oxygen of much higher purity, equal to 
that of liquid oxygen, which usually has a minimum purity 
of 99-5°, 


B. C. Lippens: (Koninkl. Zwavelzuurfabr. v.h. Ketjen, 


Amsterdam) 


In the liquid-phase oxidation of organic liquids with 
air a certain amount of the liquid is lost as vapour in the 
When using tonnage oxygen for the same 
gases is much lower than 


spent gases. 
purpose the quantity of spent 
when using air and consequently the vapour losses are 
Can the author give an idea of the difference 
in prices between compressed air of about 5 atm and the 


much lower. 


corresponding quantity of tonnage oxygen ? 


The Author : 


No simple answer can be given to the question of the 
cost of tonnage oxygen since it depends very much on 
the scale and nature of the operations and on local con- 
ditions. The minimum operating pressure of an air separa- 
tion plant, however, is at least 5 atmospheres ; if air at 
this pressure could be used instead of oxygen the whole 
of the air separation plant, with the exception of the air 
compressor, would become unnecessary. It is therefore 
evident that the cost of oxygen must always be higher 
than the cost of compressed air of the same oxygen partial 
pressure. 


UPP 
5d 
tie. 
gets 
A 
1 25 
We 
5 


Special Supplement to Chemical Engineering Se ience, vol. 3, 1954. 


The use of oxygen in gasification 
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Summary —Th’s paper discusses the use of oxygen in selected gasification processes. It appears 
that the increases obtained in efficiency and output do not alone justify the production of 


Dent 


West Midlands Gas Board, Birmingham, England 


oxygen, and interest in its use depends more upon it facilitating the gasification of low grade 


fuels and the introduction of other features such as pressure operation. 


Résumé On donne un expos cle remploi de Toxvgene dans des procedeés sélectionnés de 


gazéification. Il p rait que augmentation réalisée de leflicacite et du rendement ne suflit pas 


& justifier la production de loxygéne ; quill y aa employer de loxygéne dépend plutot 


du degré auquel il facilite le procede de gazecilication des combustibles de qualite inferieure et 


lintroduction d’autres facteurs comme Tinfluence de la pression. 


Zusammenfassung Die Verwendung von Sauerstoff in eimigen ausgewihiten Vergasungs- 


verfahren wird besprochen Es stellt sich heraus, dass nicht nur die Steigerung des Wirkungs- 


grades und der Leistung die Sauerst ffproduktion rechterftigt ; das Interesse an der Verwendung 


von Sauerstoff wird vielmehr dadurch bedingt, 


dass sie clit Vergasung von geringwertigen 


Kraftstoffen und das Heranziehen von anderen Faktoren wie dem Einfluss des Druckes erleichtert. 


Gases are obtained during most of the processes 
to which solid fuels are subjected, but the term 
‘ gasification is usually confined to the produc- 
tion of combustible gas by reaction with air or air 
and steam. This paper Is concerned with those 
processes In which the principal reaction is with 
the steam, precautions being taken to avoid 
dilution with the products from the air. The gas 
obtained is then low in inert constituents and can 
be used for hydrogen production, for synthesis 
purposes, and. after enrichment with gaseous 


hydrocarbons, for distribution in town gas. 


Cyciic PRocESSES 


In the past, by far the most widespread gasitica- 
tion process has been the water gas process with 
its balanced intermittent cycle of exothermic air 
blow and endothermic run period, It needs no 
description but, as re levant to the use of oxygen, 
it can be recalled that the limitations on operation 
are due to: 

(a) the difficulty in the blow period of storing 
heat over an adequate depth of fuel bed in 
such conditions that intense temperatures 
near the base do not give rise to excessive 


production of carbon monoxide and clinker. 


(b) coke being blown out of the generator if too 


high an air rate is used. 


(ec) the need for excess steam during the run 
when maximum temperatures in the fuel bed 


are limited. 


(d) the time and gas lost during valve movements 
at changes in the cycle. 

The choice of operating conditions is accordingly 

a matter of compromise but, by taking advantage 

of the possibility of using heat in blow gases both 

to raise steam for process and auxiliary machines, 

and to decompose oil when making town gas, the 

thermal efliciency of the generator can be 65°, 

if large graded coke is used as fuel — vide Table 1. 
Table 1. 


Heat losses during water gas production, 


Therms per therm of gas produced. 


Blue water gas, sensible heat 0-04 
Undecomposed steam, sensible and latent heat O12 
HS 0-01 
Waste gases, total heat 0-08 
Surplus steam, total heat 0-10 
Carbon in ashes, clinker, and dust 0-05 
Auxiliary steam and power 0-08 
Gas leakage 
Radiation and convection O-o2 


Corresponding with a 
Thermal Efficiency of 1-00 


66° 
100 + 0-51 
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When steps are taken to economize in steam, e.g. 
by the use of exhaust steam for process, the 


~-o 


efliciency can be increased to 70-75%, by using the 
blow gases to preheat the air and steam [1]. 

It was for this type of process that the use of 
oxygen instead of air was first considered [2] and 
oxygen, supplied in admixture with the steam, 


appeared to offer the following advantages : 


(a) the process would be continuous resulting in 
simplification of both the plant and_ its 
operation, 

(6) it would no longer be necessary to store heat 
in the fuel bed since the heat would be simul- 
taneously liberated and used, Fuel of smaller 
grade would then be suitable and excess of 
steam avoidable. 

(c) waste gases with the accompany'ng losses of 
both potential and sensible heat would be 
eliminated. 

(d) there would be an increase in output due, 


firstly, to a reduced tendency for fuel to be 
blown out of the generator and, secondly, to 
the continuous operation eliminating time 


lost by blowing and valve changes. 


Extensive experiments by the J. G. Farben- 
industrie at Leuna [3] showed that these gains 
could be realized if advantage were taken of the 
possibility of operating at high temperatures with 
With slagging 


5’ 


the ash being run off as a slag. 
80-90°,, of the steam was decomposed, as com- 
pared with 50°, in normal operation, and outputs 
of 8000 cu. ft. 
obtained, approximately three times greater than 


of gas per sq. ft. per hour were 


on a blow-run plant. 

At these high outputs, however, it was desirable 
to use fuel above 1 in. in size, and even then, there 
Most of 
the dust could however be recovered and returned 
with the blast at the 
Slagging the ash eliminated the expense and 


was an appreciable carry-over of dust. 


oxygen-steam tuyeres, 


maintenance of a mechanical grate. There was 
no loss of carbon in the slag, and repairs to the 
generator lining were infrequent. 

A noteworthy feature was that, in spite of the 
high temperatures near the base, gases were 
relatively cool (400°C) as they left the top of the 
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generator, the mass flow upwards relative to the 
fuel moving downwards, being much smaller than 
when nitrogen and undecomposed steam were 
present. Sensible heat losses were accordingly 
low and 87°, of the total heat supplied as coke 


and steam was obtained as potential heat in gas. 


Table 2. 


Heat losses from a slagging generator using oxygen. 


Sensible heat of gas 0-05 
Undecomposed steam and moisture, sensible 
and latent heat 0-03 
0-01 
Fly ash losses 0-01 
Gas losses 0-01 
Liquid slag, sensible heat 0-02 
Radiation and cooling 0-03 
0-16 
Corresponding with a 
Thermal Efficiency of 1-00 
1-00 + 0-16 
The amount of oxygen used was 25-27%, by 


volume of the gas made. Its manufacture would 
consume 1-15 k.w.h. per therm of gas and, with 
power generation of 30°, efliciency, would reduce 


In 


addition, and arising from the oxygen, there 


the overall thermal efliciency to 77-5. 
g a typical 
CO, 64-5; H,, 29-5; 


For most purposes it would 


was extra carbon monoxide in the gas, 
composition being, CO,, 5 ; 
CH,, 0-2; N,, 0-8. 


be necessary to use more steam in a subsequent 


stage of carbon monoxide conversion and, to 
some extent, this would counterbalance the 
economy of steam secured in the generator. At 


Leuna, it was concluded that, with coke as fuel, 
the cost of producing water gas for hydrogen 
manufacture 8-15°% 
If the water 


as, the 


was greater when oxygen 


was used. gas had been made for 


supply as town g disadvantage of oxygen 
would have been still greater since there was no 
waste heat available for oil cracking. 

These trials led to the opinion that the use of 
oxygen in gas manufacture depended, not so 
much on improving the performance obtained 
with the blow-run cycle, as on permitting the 
gasification of cheap fuels which were unsuitable 
In this category were the 
their 


for cyclic operation, 


reactive and often dusty lignites and 


carbonised residues, and fuels of very high ash 


led 
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content. In ordinary water gas machines, lignites 
are grossly ineflicient due to excessive carbon 
monoxide formation during blowing, to the high 
resistance of the fuel bed, and to the considerable 
carry-over of dust. They were, however, satis- 
factorily gasified with oxygen in slagging genera- 


tors when they were in lump form. 


FLurpizep ProcEssEs 


This line of dev elopment was paralleled by that 
of the Winkler process which uses oxygen for the 
gasification of still cheaper fine grained fuels in 
what is now termed a fluidized bed. Again, this 
is a well known process which needs no des- 
cription [4] but it is noteworthy that the first 
experiments were with air and steam on an inter- 
mittent cycle. The fine grained fuel limited gas 
velocities, however, and as a result the output 
was very low when diluent nitrogen was present, 
An early change was therefore made to continuous 
operation with oxygen. 

The Winkler process has operated at Leuna and 
related factories for several vears but has not 
been adopted elsewhere. There are several 
interesting features in its development which 
appears to have been governed mainly by the need 
to obtain a high output for a satisfactory economic 
balance. Even with oxygen, the gas velocities 
had to be far higher than would now be considered 
suitable for fluidization and the height of the 
generators was then increased to as much as 
60 feet in an attempt to prevent undue carry-over. 
Nevertheless, carry-over was still excessive and 
amounted to 20-30°, of the fuel charged. A high 
exit gas temperature was also obtained and these 
two factors materially reduced thermal « ficiency. 
At Leuna it was convenient to recover the carry- 
over dust and use it for steam-raising but this 
would not always be a satisfactory solution. The 
process is only suitable for reactive fuels, since 
with others, there was trouble with clinker. 

Reference should be made to the deve lopment 
of the fluidized technique which occurred in 
America during the war and which, later, gave 
rise to suggestions for dispensing with oxygen in 
gasification processes. Applied to the catalytic 
cracking of petroleum oils, fluidization was 
eminently successful in providing a method of 


transferring particulate solids from one vessel to 
another at surprisingly high rates. Several fields of 
research were influenced and, in coal gasification, 
both J.C.I. and the Standard Oil Co. [5] proposed 
fluidised processes in which continuous operation 
was achieved without oxygen, the fuel being 
recycled through a separate compartment for 
reheating by partial combustion with air. They 
met, however, with only partial success. In the 
1.C.1. process, atmospheric pressure was used and 
even with restricted gas velocities, there was 
excessive carry-over. In addition, temperatures 
were limited by the tendency for the ash to 
sinter, and the output from a large and compli- 
cated plant was relatively low. 

For the assessment of the use of oxygen in 
fluidized gasification, there are no processes, suit- 
able for general application, which are available for 
comparison. The indications are, however, that a 
successful application of the fluidized technique 
will depend upon operating under pressure to 
obtain high mass flows at low gas velocities. 
Under pressure, a blow and run cycle would be 
cumbersome while recycling by the LC.1. system 
would be diflicult because of the reduced gas 
volumes. Oxygen would be the most practical 


way of liberating reaction heat. 


FuLLy ENTRAINED PROCESSES 


Another application of oxygen has been for the 
gasification of powdered fuel while fully entrained 
in the gasification medium as in pulverized 
fuel combustion. An important claim for such 
processes is that fuel of almost any type can be 
handled. Caking coals, for example, which would 
cause trouble in fixed beds, can be ground and 
gasified without agglomeration. 

Again there have been proposals to avoid 
oxygen. They are mainly concerned with prob- 
lems arising from the fact that, in the absence 
of oxygen, heat must be stored in or conveyed into 
the reaction zone since, when the fuel is fully 
entrained, it is not itself available for this purpose. 
There are cyclic processes in which heat is stored 
in chequerwork and these have operated com- 
mercially [6]. There have also been descriptions 
of continuous processes using pebble heaters [7]. 


Such processes have had some success with 
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reactive fuels but, for bituminous coals they 
suffer from a major disadvantage. The ash of the 
coal must not adhere to the chequerwork or 
refractories and, depending upon the nature of 
the ash, a temperature limit is imposed. Diflicul- 
ties arise because of this and even with reactive 
fuels, the plants tend to be large. On the other 
hand, when oxygen is used, refractories for heat 
storage are unnecessary and there is no limit to 
the temperature. Various designs of gasifier have 
been proposed in some of which the ash is re- 
moved as a slag [8]. There has been a recent 


description of a commercial unit erected in 
Finland [9]. 

The first advantage of oxygen in powdered fuel 
gasification is therefore to allow the use of un- 


fuels 


second advantage is to facilitate the carrying out 


reactive such as bituminous coals. <A 
of the gasification under pressure, which counter- 
acts the inherent difficulty in fully entrained 
processes, of maintaining suflicient relative 
motion between particles and gasification medium 
for reaction to continue, 

Striking observations have been made in this 
They 


found that, by raising the pressure in a slagging 


connection by the U.S. Bureau of Mines. 


oxygen-steam gasifier, the rate of gasification 
could be greatly increased without sacrificing the 
Thus, with a 90% 


conversion, the rate of gasification of coal per 


degree of coal conversion, 


cu. ft. of gasifier volume per hour, could be 
10-20lbs. to over 800 lbs. by 
raising the pressure from atmospheric to 450 lb. 


increased from 
per sq. in, 

These results are most significant for the use of 
oxygen. It is conceivable that air could be used 
instead, with some device for separating the pro- 
ducts of combustion in the zone of reaction, but 
to secure this advantage of pressure, the air would 
need compression and, unless the power required 
were recovered by expansion of the products, the 
cost of compression would outweigh the cost of 
oxygen. The recovery of power from products 
leaving a slagging gasifier, loaded with dust and 
vaporised silica, is not an easy matter. 

Even with oxygen the efficiency of fully en- 
trained gasification is not very high. In addition 
to the losses of ungasified dust, there are those 


due to the absence of countercurrent flow and to 
the high temperatures at which gases leave the 
reaction vessel, and the consumption of oxygen 
is greater than 30 cu. ft. per 100 cu. ft. CO and 
H, produced. 
wide choice of fuel, the extremely high rate of 


On the other hand, there is the 


gasification when carried out under pressure and, 
important for chemical usages, the destruction of 
tar and hydrocarbons. It is against these that 


the cost of oxygen must be set. 


Tue Lurct Process 


The Lurgi process for the production of town gas 
that 
oxygen is to be regarded as a means of introducing 


will now be taken as a final illustration 
special features into the gasification process [10]. 
It uses a fixed bed and, significantly, operation 
is again under pressure. In this case, however, 
the influence of pressure is not merely on the 
rate of gasification and there are other important 
advantages. 

When coal is converted into town gas by 
complete gasification in steam, the yield of gas 
per ton of coal gasified, is approximately three 
times that obtained by normal carbonization at 
atmospheric pressure. Therefore, if the gas is to 
be of the same calorific value, the yield of hydro- 
carbons must be increased in like proportion. It 
can be readily shown that the hydrogen contained 
in the coal itself is insufficient to produce the 
amount of hydrocarbons required and, whatever 
method is used, some of the hydrogen produced 
by steam decomposition will be absorbed. As an 
example, the composition of a high volatile 
weakly caking coal shows that the analysis of a 
500 B.Th.U, ft. obtained by 
reaction with steam might be : 


gas of per cu. 


co, 5 
co 42 
H, 18 
CH, 30 
Ny 5 

100 


the specific gravity (air = 1) being greater than 
0-7. 


Whilst this analysis does not allow for any 
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oxygen needed to support the gasification opera- 
tion, it nevertheless corresponds with too high a 
density and too low a hydrogen carbon monoxide 
ratio. It is thus clear that, in addition to produc- 
ing extra hydrocarbons, the gasification system 
must provide for the conversion of some of the 


carbon monoxide with extra steam, 
CO + HO + CO, + H, 


and then, for the removal of the carbon dioxide. 

The Lurgi process made important contributions 
to all these three essential requirements. Gasifi- 
cation takes place ina producer with rie chanised 
ash extraction, quite normal in type but designed 
to withstand a pressure of 20-30 atmospheres. As 
gasilication medium, a mixture of steam and 
oxygen is supplied at the base, preheated to a 
temperature of about 500°C. The steam ts used 
in considerable excess, primarily to avoid clinker 
formation but, at the same time, it results in 
much of the desired conversion of carbon mono- 
xide. The fact that the gas is under pressure then 
materially cheapens the removal of the carbon 
dioxide by washing with water or other solvent. 
But of special interest, as a result of the pressure, 
methane is thermodynamically stable at the 
temperatures in the fuel bed and is formed during 
the gasification itself. After purification, the gas 
made contains 15°, or more of this constituent 
and has a correspondingly higher calorific \ alue. 

As with other oxygen processes, the Lurgi 
system was first introduced for the gasification 
of low-priced lignite but it has recently become 
of greater significance by being apphed to bitu- 
Mminous coals {11}. These show a greater te ndeney 
to cake when heated under pressure but, with 
the whole range of high volatile coals outside the 
carbonisable range, the resulting tendency for 
channelling in the fuel bed has been satisfactorily 
overcome by attaching stirrers to the rotating 
coal feeder at the top of the fuel bed. 

By using pressure, it becomes possible to gasify 
fuel of small grade at high output and 7-5 million 
cu. ft. of gas per day can be obtained from 
generators 8 ft. 6in. diameter when using fuel 
down to jin. in size. Only 3 of the total fuel is 
supplied to the generators, and the remainder, 


which is consumed under boilers, can be below 


hin. The process is therefore tolerant with 
regard to fuel grading. 

The calorific value of the gas obtained from 
lignite is 450 B.Th.U. per cu, ft., and 400-420 
B.Th.U. per cu. ft. from bituminous coal. Typical 


compositions are : 


Lignite Rituminous Coal 
co, 20 240 
C,H, 15 
co 23-8 23-2 
Hy, 590-0 
CH, 23-0 148 
Ny 30 
100-0 100-0 
Specific Gravity (Air 1) O45 O40 


There are no waste gases to carry away potential 
and sensible heat and most of the heat in the coal 
gasified appears as pote ntial heat in the products. 
Thus, the ratio of the potential heat in gas, tar, 
and spirit, to the heat in the coal supplied to the 
generator approaches 90°,, the balance including 


oo 
= /0 


ammonia, sulphur compounds and phenol, a 
loss during gas washing and losses by radiation 
and convection. The process as a whole does not, 
however, operate at such a high efliciency. There 
are considerable losses in process steam, only 
35-40°,, of which is decomposed. More steam ts 
consumed during tar separation and liquor 
treatment. Power is used both in gas washing 
and oxygen production although some recovery 
is possible from low pressure steam raised in 
waste heat boilers and by expansion of the final 
gas if the full gasification pressure is not required 
for distribution. An overall thermal efliciency of 
66°,, should, however, be attainable in every day 
working. 

This efliciency is certainly no higher than can 
be obtained in gasification at atmospheric pressure 
with a blow-run cycle. The justification of oxygen 
is to obtain the advantage of pressure and the 
oxygen Is necessary since, even were compressed 
air available, a blow-run cycle cannot be used 
with a fixed fuel bed at 20 atmospheres. And to 
reiterate, the advantages obtained through pres- 
sure and, hence, through oxygen are, the use of 
small fuel, the production of methane, the 
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conversion of carbon monoxide, and simplified gas 
purification. 

Are these advantages commensurate with the 
cost of the oxygen? In the Lurgi process, the 
countercurrent movement of fuel, the preservation 


of volatile matter, and the exothermic formation 


of methane help to minimize the consumption of 


oxygen which, with bituminous coals, amounts to 


20°, by volume of the 400 B.Th.U. gas produced, 


Thus, a typical installation with an output of 


30 million cu, ft. of gas per day would need a 
supply of 250 tons of oxygen per day at the 
gasilication pressure. 

The expenses incurred in using this oxygen are 
those for the installation, operation, and main 
tenance of the plant and for some additional 
carbon dioxide removal. Power is consumed but. 
when comparison is with atmospheric pressure 
processes, it is reasonable to assume that this is 
recovered, at some cost, by expansion of the final 
gas. Then, the expenses due to OXYgen appear as 
0-75 pence per therm of gas, say, approximately, 
15°, of the cost of the fuel, when using bituminous 


coal. 


More GENERAL CONSIDERATIONS 


The introduction of the Lurgi process modified 
the role of gasification in gas manufacture. So long 
as there was only the water gas process with coke 
as the generator fuel and a high-priced imported 
oil for enrichment, gasification was considered as 
an auxiliary to carbonization, suitable for taking 
peak loads on account of low capital charges. 
There was some change following the establish- 
ment of oil refineries in Great Britain and. with 
a shortage of carbonizable coals combined with 
the high costs of carbonizing plant, water gas was 
sometimes considered for base load purposes. But. 
with a limited capacity of carbonizing plants avail- 
able, it appears unwise to gasify coke, when there 
is a growing demand for a solid smokeless fuel. 

By comparison, the Lurgi gasification process 
has much more desirable features. It produces 
gas, similar in quality to coal gas, from the weakly 
caking high volatile bituminous coals of which 
there are abundant reserves. Furthermore, it 
utilizes the smaller grades of coal, often high in 


ash, and it can be operated, if need be, 


independently of oil. With such a process, there 
would be ample room for the development of 
gasification in large installations as indeed would 
be necessary for the production of oxygen at 
minimum cost. The principal shortcoming was 
the calorific value of the gas which. in spite of 
the interesting formation of methane in the fuel 
bed, was still rather low at 400-420 B.Th.U. per 
cu, ft. 

It was the problem of raising the calorific value 
which prompted the investigations of pressure 
gasification which have been made in England 
[12]. These have shown that. with pressures of 
20-25 atmospheres available, there is no inherent 
difficulty in obtaining from coal sufficient methane 
to reach any calorific value within the town gas 
range. Under pressure, methane can be formed 
rapidly by reaction between hydrogen and the 
coal and a similar reaction occurs with tars and 
oils. 

It is believed that hydrogenation of this kind 
accounts for much of the methane formation in 
a Lurgi generator but, there. conditions do not 
make full use of the pressure since the hydrogen 
is diluted with undecomposed steam and carbon 
dioxide ; with a total pressure of 20 atmospheres, 
the partial pressure of hydrogen is only 5-6 atmos- 
pheres, as the gases pass through the upper zones 
of the fuel bed. There is little doubt that if the 
hydrogen were at say 15 atmospheres, as it would 
be if the undecomposed steam and carbon dioxide 
were removed, the vield of methane would be 
considerably greater. This could be arranged by 
having a deep generator with a mid gas off-take 
through which the gases could be taken for return 
after cooling and washing, so that the hydro- 
genation could proceed in the upper Zones. 
Alternatively, and perhaps with fewer engineering 
problems, the additional methane could be made 
by the hydrogenation of tar, oil, or the coal used 
as boiler fuel, in a separate vessel outside the 
generator. 

Particular interest attaches to the second 
system if heavy petroleum oils are available. It 
appears that, if catalytic conversion of carbon 
monoxide is used to control density, the pro- 
duction of methane by hydrogenation of the oil 


can be extended so as to increase the thermal 
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output of gas by 75 without using any more 


steam or oxygen. The output could be varied over 


this range while maintaining the same calorific 
value and combustion characteristics in the gas. 
In this way, a process, weighted with the capital 
charges of oxygen production and, in consequence 
usually regarded as suitable for only base load 
would, in fact, become extremely flexible. 
Finally, how far does the Lurgi process approach 
the ideal of minimum cost for the conversion of 
’ From a cost analysis for British 
that, the 


coal to gas 


conditions it appears with present 


OXIDATION 


PROCESSES 


process, the ratio of the gas to coal costs per therm 
would be 2-75 with the greater output obtainable 
with oil held in reserve. 

If it proves possible to convert the generator to 
slagging operation there would be savings in both 
steam generation and liquor treatment, and a 
gas coal price ratio of 2-4 appears to be attain- 
able. This figure represents what should be possi- 
ble with a pressure process of complete gasification 
using oxygen. 

This paper is published by permission of the 
Gas Council, to whom the author’s thanks are due. 
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W.R. Dammers: (B.P.M., The Hague) 


According to the paper of Dr. Dent, the use of oxygen 
in gasification processes might be preferred above air. 
However, most of the recently developed oil gasification 
processes are still of the blow-and-run type, using air for 
regeneration of the reaction temperature during the blow 
period. 

Considering the Segas process by Stanrer and McKean, 
which is a catalytic process, one of the difficulties of the 
process consists in the clustering of the catalyst, due to 
temperature peaks occurring during the regeneration 
period. 

Now, this clustering might be avoided by changing the 
blow-and-run into a continuous using 
oxygen instead of air, since the temperature distribution 
would then be more uniform throughout the catalyst bed. 

If this conclusion is right, one might ask why the use 
of oxygen has not been considered. Can Dr. Dent throw 
any light upon this question ? 


process process 


The Author : 

In answer to Mr. Dam™ers, the use of oxygen in oil 
gasification is mainly a question of the size of installation 
and if the gas output is to be 15 million cubic feet per day 


DISCUSSION 


or more, then oxygen should be considered. It would 
have advantages such as Mr. DaAMMERS suggests. 

Results have been published for the gasification of heavy 
oil in a Winkler generator and claims are made that the 
Koppers Totzek process is also suitable. 


Dr. Ir. W. van Loon : (Centr. Lab. Staatsmijnen, Geleen) 


I should like to make some remarks about the production 
of hydrogen by the oxygen gasification of coke at normal 
pressure. Dr. Dent stated that at Leuna the cost of pro- 
ducing water gas was from 18 to 15°, higher when oxygen 
was used. However, these figures published by Sape. 
relate in fact to pre-war conditions and modern literature 
comes to the reverse conclusion. 

Dr. Dent stated that in the intermittent water gas 
production gasification efficiencies of 65°, and in con- 
tinuous gasification efficiencies as high as 85°, can be 
obtained. According to Dr. Dent the efficiency of the 
intermittent process can be increased by using the waste 
heat for steam production. On the other hand the total 
efficiency of the continuous process is lowered as the power 
production for oxygen manufacture needs fuel, which is 
converted with an efficiency of 30°. 

In my opinion, however, it does not seem reasonable 
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to take into account the waste heat produced in gas 
making and to neglect the waste heat obtained in power 
generating. The combined production of steam and 
power has not an efficiency of 30°, but of about 70%. 
Moreover, as long as large amounts of waste heat are 
available from power plants and other sources, it is not 
reasonable to count much for waste heat production. It 
seems evident to me that a saving of 30°, in fuel consump- 
tion always pays for the cost of oxygen manufacture. 


The Author : 


It was interesting to hear that Dr. Van Loon regards 
the use of oxygen as being justified solely by increase of 
thermal efficiency. In normal circumstances in the U.K. 
increase in thermal efficiency from 65 to 85°, would 
reduce the cost of the fuel per therm of gas produced by 
little more than Id., and with preheating of the air blast, 
the gain would only be half this amount. Such a margin 
would be more than offset by the cost of the oxygen, even 
on gasification plants larger than those which exist in 
the U.K. Nevertheless, if circumstances are favourable for 
oxygen, so much the better, since as stressed in the paper, 


its use makes a gasification plant more flexible in so many 
wavs. 


M. Zvegintzov : (Nat. Res. Dev. Corp., London) 

On page 131 of Dr. Dent’s paper some calculations are 
given which seem to give a cost of oxygen of about 
£1. 10s. Od. per ton, Is this the net figure, or what credits 
are put against the gross cost: is the pressure of the gas 
used in a gas turbine, or for pumping the gas over a 
distance ? What is the gross cost of the oxygen ? 


The Author : 

The cost figure mentioned by Mr. Zvecintrzov is a net 
figure which assumes that the power required for oxygen 
production is recovered by expansion of the final gas. 
Some allowance is included for the cost of this recovery 
as well as for the cost of removing the additional carbon 
dioxide which oxygen produces during gasification. On 
a plant producing 30 million cubic feet of gas per day, and 
using about 250 tons of oxygen per day, the gross cost in 
the U.K, would be about £2. 10s. Od. per ton, a figure 
within the range given by Mr. CLark. 
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CLOSING 


by Professor F. H. Garner 


Department of Chemical Engineering, The University, Birmingham 


I ree that it is a difficult task to summarize this conference 
particularly in view of the excellent introduction given by 
Professor WATERMAN in opening the conference 

As Sir Haro ip Harr ey has pointed out, one afternoon 
was devoted to chain reactions and the mechanism of the 
oxidation reaction and this aspect was fully dealt with by 
Professor WATERMAN so mv comments will be brief. Dr. 
TwieG gave an excellent introduction and it should be 
emphasized that this applies to liquid phase reactions. 
Reactions in the vapour phase differ considerably from 
those in the liquid phase ; in the vapour phase, heptane 
oxidizes at temperatures around 250°C whereas diisobuty- 
lene (quoted by Dr. Twice as an oletine easily oxidized in 
the liquid phase), is relatively stable in the vapour phase 
and does not show any appreciable oxidation in the low 


temperature range until about 450 ¢ The vapour phase 
oxidation duplicates very well the processes occurring in 


internal combustion engines (which are outside the s ope 
of this conference) and the mechanism in the vapour phase 
must be reconciled with that in the liquid phas One 
hopes that at a relatively early date we shall see a paper 
from Dr. Twiec summarizing the results he showed in a 
slide for the oxidation of decane (temperatures quoted 
110-150°C) together with details of the analvtical methods 
The keynote of the conference has perhay s been the 
large scale use of oxygen or the possibilities of large scale 
use of oxvgen Three papers dealing with the broader 
aspects have been those of Mr. CLark in the Provision of 
Oxygen for Industrial Purposes, of Mr. W. 5. B. Cuarer 
in Oxidation Processes in the Steel Industries and lastly 
of Dr. Dent in the Gasiti ation of Coal with Oxwvgen Lhe 
last two show how closely we approach to tual com 
bustion processes (again exe luded from our conference) 
and the same might be said about the paper by Professor 
BarTHotome in the Production of Acetvlen The 
distinction is a fine one, but nevertheless clear where we 
are concerned, in that, when combustion occurs it is only 
part of the process. The uses of oxvgen or air which have 
been described in this conference are fairly comprehensive 
omitting only the use of oxvgen in the form of ozone. 
which has lately been meeting with extended use owing to 
cheaper methods of producing relatively higher concentra- 
tions of ozone, and of the various methods of using oxvgen 
in industrial processes in the manufacture of antibiotics. 
As Professor WaTrerMAN remarked, we are fortunate in 
having four relatively new processes described to us, one 
of which, that of the development of a process for the 
manufacture of p-tertiary-butylbenzoic acid, was parti- 
cularly interesting to me in that it gave us an account of 
a full chemical engineering development from the initial 
market research into the demand for the product, the 
chemistry of the process including the catalysts, the 
operating variables and their effect in yield, and finally 
the process design of the pilot plant including the instru- 
mentation and control. Similarly Dr. Forrurs and 


ADDRESS 


Professor WatrerMan have considerably increased our 
knowledge of the preparation of cumene hydroperoxide 
(the intermediate in the newest process for making phenol 
which we owe largely to Distillers). Considerable discussion 
took pl we on the role of the catalyst as regards yx roxides 
which was ervstallized in the comment made by Professor 
pe Borer Ihe emphasized the distinction of the role 
played by metals as distinct from metal salts as catalysts 
in oxidation processes. 

The destruction of peroxide was stressed again by 
Dr. Forrurs who pointed out that it was most important 
to maintain a clear copper surface, free from oxide, by the 
use of nitric acid. He also stressed the importance of the 
part played by heterogeneous catalysis in this reaction. At 
the other end, the chemical engineering manufacturing 
aspects, Dr. Wurerzer has given us some very useful. 
information on the manufacture of synthetic fatty acids 
and incidentally on the origin of that most unpleasant 
odour — and on the suitability of odd and even fatty acids 
of branched chain acids in food destined for human 
consumption 

Although the vields of phenol, shown in the paper by 
Professor Donatp and Mr. Grover, are low, this type 
of reaction in which an expendable hydrocarbon is used 
to modify the oxidation rate of a relatively stable hwdro- 
earbon such as benzene is of considerabk importance 
Professor WATERMAN suggested in his introduction that 
selective catalvtic oxidation might be more conducive to 
higher vields of phe nol than the non-catalvtic oxidation 
of benzene 

In the paper by Mr. Linpsay we have a most important 
discussion of the use of nitric acid in the production of 
ulipic acid. Here the initial air oxidation products from 
evelohexane were shown to be capable of giving high 
vields of adipic acid by the use of a mixed vanadium 
copper catalyst. In this paper the chemical engineering 
aspects of a large scale plant have been very thoroughly 
discussed, particularly as regards continuous oxidation 
units and of the corrosion data so essential in the design 
and operation of this plant. 

At an earlier session Professor VAN Kreve en discussed 
the mechanism of the reaction between SO, and oxygen 
and particularly the point that, whilst mass transfer 
followed nearly plug flow, heat transfer was such that the 
maximum temperature difference in the fluid bed was only 
a few degrees. In the discussion he refused to be drawn 
much further, pointing out that the information available 
was relatively meagre. 

In his paper with Dr. Mars again we have a very full 
discussion of the effect of plant design on the use of 
vanadium catalysts in such different reactions as SO, 
Og —» SOs, and, for example, in the oxidation of naphtha- 
lene to phthalic anhydride. 

In the final paper to which I wish to refer, that by 
Professor BARTHOLOME on the Production of Acetylene from 
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Methane, we have a description of a most ingenious mech- 
anism for controlled combustion at high temperatures. 

This paper was the subject of much discussion in the 
course of which it was pointed out that the process was 
applicable to natural and other easily vaporizable hydro- 


carbon gases. The operation of large scale plants in the 
U.S.A. and Italy 
hazards had been overcome as by adequate instrumenta- 
tion against danger inherent in shutdown, partial or 
entire. I feel that much more work needs to be done on 
processes such as this in which the high temperatures 
obtainable by the electric are can be duplicated by the 
much cheaper and more readily available industrial fuel 


was satisfactory, indicating that the 


gases and oils. 

Thus from the chemical engineering side we have had 
most useful contributions on the difficulties in the tran- 
sition from the chain reaction mechanism to large scale 
manufacture and of the kind of information concerning 
those expensive pieces of equipment — pilot plants — which 


tends to be buried in the records of the chemical and plant 
manufacturers. 

Less tangible but, as it seems to me, almost equally 
important are the informal discussions which take place 
outside the conference room, which contribute so much 
not only to scientific and technological developments but 
also to that more and more important field of international 
understanding. 

As this is the second conference perhaps we can now 
assume that a series has been created and we hope that it 
will be continued — meeting probably in England in about 
two vears’ time. 

Finally, I would not like to close without expressing 
on behalf of the visitors from the U.S.A., France, Germany, 
Belgium, Canada, Australia and the U.K., our especial 
thanks to our Dutch friends, not only for making this 
meeting possible but also for the great kindness which 
they have displayed and for the warmhearted hospitality 
which they have provided. 
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